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A B S T R A C T   

Blasts resulted from industrial/residential accidents and deliberate attacks can impose extremely hazardous 
loading conditions upon nearby structures. The repercussions of these blasts encompass not only direct effects 
such as blast overpressure and fragments but also indirect outcomes like progressive collapse of structures. In the 
pursuit of enhanced protection for concrete structures, substantial endeavors have been directed towards 
developing innovative construction materials with outstanding properties, among which the ultra-high perfor
mance concrete (UHPC) has emerged as a notable representative. Drawing from existing experimental, numerical 
and theoretical studies, this paper presents an inclusive overview of recent progress in UHPC structural members 
(slabs, beams and columns) and UHPC-based composite structures (mesh reinforced UHPC, UHPC-filled steel 
tube and UHPC strengthening of normal reinforced concrete (NRC) structures) in their ability to withstand blast 
loads. While discussing the exceptional material and structural dynamic performance of UHPC, recommenda
tions are offered for the further research directions in utilising UHPC structures to resist blast loads, which 
include exploring eco-friendly UHPC, integrating 3D printing technology and employing machine learning 
analytical methods.   

1. Introduction 

Over the past few decades, there has been a rise in accidental or 
anthropogenic blast incidents, highlighting the global concern for 
improving the anti-explosion performance of concrete structures. When 
exposed to blast loads, concrete structural members can experience a 
variety of failure modes, involving flexural failure, direct shear failure 
and concrete spalling. These multiple failure modes may lead to the loss 
of load-carrying capacity in individual or multiple key structural 
members, potentially triggering catastrophic consequences such as 
progressive collapse. The inadequate tensile properties and brittleness of 
conventional concrete greatly impact the overall structural safety under 
blast loads. Although incorporating steel reinforcement can partially 
address these shortcomings to some extent, it remains crucial to adopt 
advanced concrete materials with exceptional properties to bolster the 
blast resilience of concrete structures. 

Concrete technology has witnessed remarkable advancements over 

the past few decades and ultra-high performance concrete (UHPC) 
emerges as a promsing new concrete material. Equipped with excep
tional mechanical properties, durability and damage tolerance, UHPC 
stands out as a premier composite material in both civil and military 
constructions especially in structural hardening design against impus
live loads. Comprehending the dynamic behaviour of UHPC structures 
exposed to blast loads is of paramount importance for structural pro
tection and design. This section will briefly introduce the UHPC 
composition, static and dynamic material properties, characteristics of 
blast loads, concrete structural response under blast loads, and analysis 
techniques for UHPC structures under blast loads. 

1.1. UHPC composition, preparation, properties and applications 

As illustrated in Fig. 1, differing from the composition of conven
tional concretes like normal strength concrete (NSC) and high strength 
concrete (HSC), UHPC employs the maximum densified particle packing 
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theory [1]. This theory eliminates the use of coarse aggregates and 
instead combines particles of varying sizes in optimal proportions to 
achieve the most tightly packed configuration. The gaps between 
millimeter-sized particles (fine aggregates) are filled with 
micrometer-sized particles, such as cement and mineral admixtures, and 
the gaps formed by micrometer-sized particles are filled with nanoscale 
reactive powders like silica fume. This contributes to a more compact 
concrete matrix with enhanced constituent reactivity, thereby having 
reduced initial microcracks and capillary pores. Owing to the addition of 
superplasticizer, the water-to-binder ratio in UHPC is largely reduced, 
typically not exceeding 0.2. To counteract the inherent brittleness of 
UHPC resulting from the increased material compactness, a large 
amount of fibres is commonly included. Besides the improved concrete 
ductility and toughness, the fibre reinforcement can make use of the 
frictional pull-out capacity to dissipate the imposed energy and provides 
a bridging effect to inhibit concrete spalling and crack propagation. 
UHPC is generally cured in 80–90 ◦C hot water to promote the pozzo
lanic effect of silica fumes, resulting in higher mechanical strengths and 
denser microstructures than ambient or water-cured UHPC. 

Fig. 2(a) illustrates a comparison of uniaxial compressive and tensile 
behaviors among different concrete types, including NSC [3], 2 vol-% 
steel fibre reinforced HSC [4,5] and UHPC [6]. It is evident that UHPC 
displays enhanced properties involving elastic modulus, uniaxial 
compressive strength and ductility in comparison to NSC and HSC. 
Additionally, UHPC exhibits notable strain-softening behavior upon 
reaching the peak tensile stress, and the manifestation of 
strain-hardening behaviour in UHPC during tension is significantly 
influenced by some factors such as fiber type, content, geometry and 
orientation [7]. Under dynamic loading conditions with typical strain 
rate intervals relevant to concrete materials [8], as illustrated in Fig. 3, 
the material propertis of concrete diverge from those ovserved from the 
quasi-static loading conditions. Typically, the strength, strain capacity 
and toughness of concrete tend to enhance with the increase in the strain 
rate [9,10]. The strain rate effect on both compressive and tensile 
strengths is encapsulated by the dynamic increase factor (DIF), which 
represents the ratio of dynamic strength to quasi-static strength across a 
broad range of strain rates. Because of the incorporation of fibres and 
denser microstructures, UHPC may exhibit distinct strain rate sensitivity 
when compared to the conventional concrete. Fig. 2(b) presents the 
compressive and tensile DIF values of UHPC, utilising the empirical 
models established by Fujikake et al. [11]. When compared to the DIF 
values for 30 MPa NSC and 70 MPa HSC, as evaluated by the CEB code 
[12], UHPC demonstrated lower strain rate sensitivity, particularly at 
high strain rates. 

So far, the development of UHPC materials has been comprehen
sively reviewed by numerous scholars mainly from the perspective of 
raw materials [13–15], fibre reinforcement [16–19], additives [20–22], 

mixture design [23–25], curing regimes [26–28] and so on. While UHPC 
has already demonstrated exceptional properties [29–36] and emerging 
applications [37–45], ongoing research efforts continue to optimise 
UHPC compositions to meet the demand for enhanced material and 
structural capabilities. Fig. 4 shows the development process of UHPC, 
starting from the material composition and sample preparation to ma
terial properties and potential applications. 

Despite considerable efforts in determining cost-effective mix pro
portions for UHPC, the initial material cost of UHPC still surpasses that 
of conventional concrete resulting from the high cement content, reac
tive powder and fibre addition. Nevertheless, the utilisation of UHPC 
can lead to more sustainable constructions, with potential economic, 
social and environmental benefits. Utilising UHPC allows for reduced 
cross-sectional dimensions of structural members, thereby creating 
additional available space in buildings. UHPC structures also incur 
lower maintenance costs owing to their improved durability and longer 
service life. More noteworthily, the exceptional mechanical properties, 
durability and damage tolerance of UHPC enable the design of robust 
and durable structures capable of resisting hazardous loads involving 
blast. 

Some earlier review works on the blast performance of UHPC 
structures are available in the open literature [39,46,47], while the 
previous overview by Yoo and Banthia [39], which has documented 
large amount of work in this field, did not incorporate the latest research 
findings in this rapidly developing field in recent years, particularly in 
relation to the UHPC-based composite structures. Moreover, the two 
recent reviews [46,47] lacked a systematic classification in the light of 
UHPC structural member types. Consequently, the present review study 
addresses this gap by offering a thorough overview of recent research 
progress and developments concerning the blast performance of UHPC 
and UHPC-based composite structures. 

1.2. Characteristics of blast loads 

According to the explosive confinement, blast load categories acting 
on the structures could be categorised as confined and unconfined ex
plosions. Unconfined explosions can be further subdivided into free-air 
burst, air burst and surface burst based on the location of explosives in 
relation to the ground. In the free-air burst, as depicted in Fig. 5(a), the 
explosive is positioned near or above the target structures. Blast shock 
waves propagate spherically from the detonation centre, directly acting 
on the structures without ground reflection or enhancement. In the air 
burst, as depicted in Fig. 5(b), the explosive is located at a certain dis
tance suspended over the ground surface and away from the target 
structures. Part of the initial blast shock waves will interact with the 
secondary waves reflected from the ground surface, resulting in the 
amplified shock waves known as the Mach front prior to reaching the 

Fig. 1. Material compositions of NSC, HSC and UHPC [2].  
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Fig. 2. Quasi-static and dynamic behaviours of NSC, HSC and UHPC.  

Fig. 3. Typical strain rate intervals applicable to concrete.  

Fig. 4. Development of UHPC: from material composition and sample preparation to material properties and applications.  

Fig. 5. Unconfined explosion scenarios and blast overpressure [64].  
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structures. In the surface burst, as presented in Fig. 5(c), the explosive is 
situated in close proximity to or directly on the ground surface. This 
results in the initial blast shock waves being reflected and strengthened 
at the detonation centre due to ground reflections. Differing from the 
complex wave patterns of the air burst, the reflected blast shock waves 
were treated as a single wave, resembling the Mach wave in the air burst 
while presenting a hemispherical shape. Fig. 5(d) illustrates the typical 
variation of blast overpressure over time obtained from the free-air burst 
at a given location on the target structure, wherein the overpressure 
consists of positive and negative phases. Upon the arrival of the initial 
shock front at the given location after time tA, the incident overpressure 
grows promptly from the ambient pressure P0 to the peak magnitude Pso, 
followed by an exponential decay returning to P0 after time t0. As the 
blast shock wave continues propagating, the trapped air medium be
comes less dense, the overpressure starts to translate into the negative 
phase until it drops to the peak magnitude Pso

− , and then returns to P0 
after time t0- . The reflected overpressure follows a similar pattern to the 
incident overpressure, while it is worth emphasising that when the 
incident blast wave strikes the structure, the magnitude and impulse of 
the initial shock wave in both positive and negative phases are reflected 
and enhanced, resulting in the characteristics of the reflected over
pressure. In the design of structures intended to withstand explosions, 
the negative phase of the overpressure is often omitted from consider
ation. Nevethless, it has a decisive effect on comparatively flexible 
structures that are prone to a substantial deformation. In contrast to 
other two typical destructive events, such as seismic and impact loads as 
illustrated in Fig. 3, the blast load often produces even shorter duration 
and greater pressure. The strong motion duration of a typical earthquake 
record spans several seconds and can extend over a minute, whereas the 
duration of an unconfined blast pulse induced by a high-explosive 
detonation is generally on the order of microseconds to milliseconds 
[48]. 

To characterise the blast loading effect induced by different masses 
of trinitrotoluene (TNT) explosives at various standoff distances, the 
blast scaled distance (Z) can be defined using the explosion similarity 
law proposed by Hopkinson and Cranz [49]. The blast scaled distance is 
calculated as Z = R/W1/3, where R represents the standoff distance from 
the detonation centre to the measuring point on the structure surface in 
the unit of ‘m’, and W denotes the equivalent mass of TNT explosives in 
the unit of ‘kg’. The blast scaled distance serves as a comparative mea
sure that allows for scaling down the amount of explosive required to 
generate the same blast shock wave. This is particularly useful in 
physical tests, because smaller charges can be placed closer to the 
specimen to simulate larger blasts. Existing guidelines provide defini
tions for near-field and far-field explosions. The Unified Facilities 
Criteria (UFC) 3-340-02 [50] defines the near-field explosions as Z < 0.4 
m/kg1/3 and the far-field explosions as Z ≥ 0.4 m/kg1/3. On the other 
hand, the American Society of Civil Engineers (ASCE) SEI 59-11 [51] 
considers Z = 1.2 m/kg1/3 as the critical blast scaled distance to 
differentiate the near- and far-field explosions. Additionally, updated 
criteria as reported in Refs. [52–54] define the near-, medium- and 
far-field explosions, with two notable blast scaled distance thresholds of 
0.4 m/kg1/3 and 1.0 m/kg1/3. It is important to note that the charge 
weights of various common explosive materials can be converted into an 
equivalent mass of TNT explosives based on factors such as velocity and 
heat of detonation [55,56], as well as the maximum blast overpressure 
and impulse [57]. 

In addition to the explosive location, charge weight, standoff dis
tance and type, the geometric shape of the explosive also affect the blast 
overpressure amplitude and impulse distribution. Spherical, cylindrical 
and rectangular shapes are commonly used for military and commercial 
explosives, with the spherical shape being deemed the most optimal. 
This is because the spherical geometry allows for the generation of blast 
shock waves without directional bias, owing to its axisymmetric nature 
[58]. Furthermore, it has been recognised that the detonation point 
within the explosive, geometric dimensions of the cylindrical and square 

explosives evidently affect the blast load. The influence extent due to the 
explosive shape is dependent on the blast scaled distance. For far-field 
explosions particularly when Z > 5.0 m/kg1/3, the blast load is negli
gibly affected by the explosive shape, allowing for the assumption of a 
spherical or hemispherical explosion [59,60]. Neverthless, near-field 
explosions exhibit an evident dependency on the explosive shape due 
to the distinct combustion and detonation product [60,61]. Although 
utilising ideal spherical explosives in real scenarios might be chal
lenging, focusing on explosive geometry can be mitigated if field blast 
test results align with predictions from guidelines like UFC 3-340-02 
[62,63]. 

1.3. Concrete structural damage under blast loads 

The analysis of concrete structures to blast loads is more focused on 
their critical structural members, since the localised damage may be 
more evident than the overall response of the entire structure [48]. 
Extensive studies have been dedicated to exploring the dynamic 
behaviour of concrete structural members, such as slabs, beams and 
columns, when subjected to blast loads [57,65–67]. Fig. 6 illustrates a 
variety of failure modes exhibited by these members, which are influ
enced by the blast scaled distance Z. At the large blast scaled distance, 
the structural response tends to be ductile, with flexural failure occur
ring at the positions where plastic hinges form due to ultimate bending 
moments. With a reduction in the blast scaled distance, the higher blast 
overpressure and shorter duration cause a more brittle damage mode, 
involving combined shear and flexural failure or even direct shear fail
ure. When a blast takes place in close proximity to or directly contacts 
the concrete structural members, highly localised damage such as crater, 
scabbing or even perforation might be produced. In the absence of 
adequate structural redundancy, the loss of individual or several 
load-bearing concrete components may trigger structural progressive 
collapse, causing disproportionate damage to the entire building [68, 
69]. 

The localised damage observed in concrete structural members as 
caused by very close-in or contact explosions can be explained through 
the stress wave propagation theory [38,71]. In this explosive scenario, 
high compressive stress waves are initially produced, resulting in the 
crater damage on the front surface of the concrete structural member 
along with the development of cracks. As the compressive stress waves 
propagate spherically inside the concrete, they turn into tensile stress 
waves upon reaching the distal surface to engender the scabbing damage 
surrounded by cracks. In a more extreme case, if the captured impulse is 
sufficiently large to conquer the concrete resistance, fractured parts 
might separate from the distal surface and eject at a certain speed, 
forming fragments. The stress wave propagation is a cyclic process and 
will be terminated when the tensile stress waves are consumed and fall 

Fig. 6. Typical failure modes of concrete structural members under different 
blast scaled distances [70]. 
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below the dynamic tensile strength of concrete. Since the stress wave 
propagation within the concrete occurs much faster than the overall 
structural response, concrete structural members exposed to the very 
close-in or contact explosion are less sensitive to boundary conditions as 
compared to those exposed to medium- and far-field explosions. Two 
basic classification approaches have been suggested to differentiate the 
localised damage degree of concrete structural members. The classifi
cation I proposed by Morishita et al. [72], as depicted in Fig. 7, identifies 
three stages of spalling damage, involving crater only, crater and scab
bing, and perforation. The classification II proposed McVay [73], as 
shown in Fig. 8, distinguishes three spalling damage degrees, including 
mild, moderate and severe, based on the ratio of spalling depth to 
member thickness. 

The determination of the structural safety limit for a particular 
concrete structural member induced by given blast loading scenarios can 
be effectively achieved through a pressure-impulse (P-I) diagram [60, 
74,75]. The P-I diagram, as illustrated in Fig. 9, consists of a range of 
iso-damage curves, each representing a particular structural damage 
degree. The P-I diagram includes impulse and pressure asymptotes, 
which respectively indicate the thresholds of impulse and pressure 
necessary to attain a specific structural damage degree. It also corre
sponds to three loading regimes, including impulsive (Regime I), dy
namic (Regime II) and quasi-static (Regime III). In Regime I, 
characterised by an extremely high blast peak pressure and a relatively 
short blast duration (in comparison to the natural frequency of structural 
members), the structural damage degree is primarily governed by the 
blast impulse rather than the blast peak pressure. Regime III, on the 
other hand, exhibits the opposite pattern to Regime I, wherein the 
structural damage degree is principally dominated by the blast peak 
pressure, irrespective of the blast impulse. Regime II represents an in
termediate condition, where both the blast peak pressure and impulse 
jointly contribute to the structural damage degree. The P-I diagram also 
determines the correlation between blast peak pressure and impulse 
required for various structural damage degrees. If the combination falls 
in the upper right of the diagram, it indicates that the structural member 
will fail, surpassing a certain damage criterion. Conversely, if the com
bination falls within the lower left region of the diagram, the structural 
member will not fail at such damage degree. Notably, the damage cri
terion for the P-I diagram should be selected dependending on the blast 

loading scenarios and the specific type of structural damage. For 
instance, when structural members undergo blast-induced flexural 
damage, parameters such as mid-span deflection [74], maximum sup
port rotation angle [64], peak deflection-span ratio [64] or ductility 
ratio [76] can be employed as the damage criterion. On the other hand, 
when structural members suffer shear damage under blast loading 
conditions, parameters such as shear slip close to the support [77] or 
average shear strain [78] can be used to define the damage degree. 

1.4. Analysis techniques for UHPC structures under blast loads 

Physical blast tests offer the most intuitive and effective method to 
evaluate the dynamic performance of UHPC structures subjected to blast 
loading conditions. Fig. 10 illustrates a typical setup for field blast (FB) 
testing of UHPC specimens conducted in a large open space. This testing 
system provides flexibility in terms of various parameters, including 
specimen scale and geometry, explosive mass and shape, standoff dis
tance, boundary conditions, instruments for data acquisition and so on. 
Notably for the blast testing on the column, there are different ap
proaches. The column can be positioned above the ground to simulate 
blast loading [79]. Alternatively, the column can be buried in an exca
vated pit, with a portion of the column’s lateral surface exposed to the 
blast shock waves. This configuration helps eliminate the clearing in
fluence, and reduces extra shock wave refraction and reflection [80]. 
Besides, hydraulic or pneumatic jacks are typically used to provide axial 
loading in the column during testing. Although the FB test is a 
commonly employed technique and has been extensively used in recent 
years, it still presents challenges related to cost, site conditions, facil
ities, time, safety concerns, etc. [57]. 

In addition to the FB tests, laboratory testing systems utilising spe
cialised facilities such as blast simulator (BS) and shock tube (ST) have 
been rapidly developed and increasingly employed in the study of far- 
field blast resistance for UHPC structures. Fig. 11 illustrates the BS fa
cility at the University of California, San Diego [84], which employs 
multiple blast generators to simulate distributed impulsive loads on 
UHPC slabs. However, it shall be noted that the blast generators struggle 
to accurately reproduce the negative phase of the overpressure owing to 
the absence of the required tensile force for specimen recoil [57]. 
Figs. 12 and 13 present the representative ST facilities at the U.S. Army 

Fig. 7. Localised damage classification I of concrete structural members under contact or very close-in explosions [72].  

J. Liu et al.                                                                                                                                                                                                                                       



Cement and Concrete Composites 148 (2024) 105449

6

Corps of Engineers-Engineer Research and Development Centre (USA
CE-ERDC) and the University of Ottawa, utilised for testing UHPC slabs, 
beams and columns [85–88]. The simulated blast shock waves are 
produced by a driver through the quick release of compressed gas. These 
shock waves are then distributed to impulsive loads, uniformly acting on 
the specimen via load transfer devices. The driver length and pressure 
can be adjusted to achieve the desired combination of overpressure and 
impulse. However, conventional ST facilities may struggle with accurate 
replication of time-dependent gas dynamic scenarios and various flow 
anomalies [89]. To address these limitations, an advanced ST facility, 
funded by the Australian National Facility for Physical Blast Simulation 
(NFPBS), has been developed at the University of Wollongong [90], as 
depicted in Fig. 14. This facility excels at replicating the entropy 
gradient and negative phase of the overpressure, offering a reliable 
far-field explosion environment [90]. It is noteworthy that the blast 
shock wave profile generated in the ST testing system should be verified 
through the comparison with actual blast tests, aiming to guarantee that 
the overpressure-time evolution accurately represents the real blast 
scenarios [57]. 

The continuous advancement of powerful computational tools has 
paved the way for numerical simulations to become a highly efficient 
approach in the study of UHPC structures under blast loads, thereby 

either as an alternative or supplement to experimental methods. The 
most common commercial finite element (FE) programs for explicitly 
analysing the dynamic response of UHPC structures loaded with blast 
include ANSYS-DYNA [91], ANSYS-AUTODYN [92], ABAQUS/Explicit 
[93] and so on [57]. These programs offer a range of material consti
tutive models that incorporate strength surfaces, damage accumulation, 
strain rate effect and equations of state (EOS) to simulate the behaviour 
of concrete [38,94,95]. However, the uniqueness of the UHPC compo
sition, combined with its complex static and dynamic material behav
iour, necessitates the calibration or updating of the existing concrete 
models for precise prediction of the dynamic behaviour of UHPC 
structures subjected to blast loads. 

Blast modelling is another critical factor that determines the efficient 
and accurate prediction of UHPC structural behaviour under blast loads 
in the numerical simulations. There are four common methods for blast 
modelling in the FE programs like ANSYS-DYNA, including the idealised 
triangular impulse (ITI), CONWEP model, smooth particle hydrody
namics (SPH) and arbitrary Lagrangian-Eulerian (ALE). Each method 
has its own merits and limitations. The ITI method simplifies the 
measured overpressure-time curve into an equivalent triangular curve 
with peak overpressure and positive duration, which is then applied to 
the loaded surface of UHPC structures for computation. This method is 
computationally efficient but unable to accurately reproduce the dam
age caused by non-uniform blast loads in near-field explosions. The 
semi-empirical CONWEP method utilises keywords like LOAD_BLAST or 
LOAD_BLAST_ENHANCED to predict overpressure [91]. It allows for 
defining the equivalent mass of TNT explosives, detonation point and 
explosion type. Without establishing the air domain and explosive, this 
method is also efficient in computation, while it lacks the capability to 
account for the influence of explosive shape on the blast effect. The SPH 
method builds the explosive using SPH particles without explicitly 
modelling the air domain. The SPH algorithm is employed to simulate 
the explosive expansion and interactions between blast shock waves and 
UHPC structures. This method is only suitable for contact or very 
close-in explosion scenarios but may have limitations beyond that. The 
ALE method incorporates Euler elements to model the explosive and air 
domain, allowing the simulation of blast shock wave propagating in the 
air medium and its interaction with UHPC structures. Due to the 
modelling of the air domain, this method is time-consuming, particu
larly for far-field explosion scenarios. Additionally, the accuracy of nu
merical outcomes might be influenced by the element size of the air 
domain. Selecting an appropriate blast modelling method is dependent 
on the specific blast scenario and desired accuracy level, while consid
ering computational efficiency and limitations associated with each 

Fig. 8. Localised damage classification II of concrete structural members under contact or very close-in explosions [73].  

Fig. 9. Schematic diagram of a typical P-I diagram [66].  
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method. 
Several theoretical methods exist for analysing structural responses 

to blast loadings, including the single degree of freedom (SDOF) [96], 

finite-difference (FD) [97], modal superposition [98], etc. Among these, 
the SDOF model gained popularity for its simplicity and consideration of 
dynamic effects in analysing and designing concrete members against 

Fig. 10. FB testing system on UHPC structural members [81].  

Fig. 11. BS facility for testing UHPC slabs at the University of California, San Diego [84].  

Fig. 12. ST facility for testing UHPC slabs at USACE-ERDC [87].  
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blast loads [64,99]. The equivalent SDOF model treats the structural 
member to an idealised SDOF system with equivalent stiffness, mass and 
dynamic load (represented by an idealised triangular pulse), depending 
on the given structural response type. This model is adaptive for far-field 
explosion scenarios where the blast load is relatively uniform and the 
structural response type is primarily flexural [100]. However, for sce
narios with small blast scaled distances, other response types such as 
shear or local damage might dominate the structural response. In such 
cases, the equivalent SDOF model may not be appropriate and needs 
further modifications so as to accurately predict other response types 
[100]. 

2. UHPC structural members under blast loads 

Drawing from a wide array of findings from experimental, numerical, 
and theoretical studies available in the open literature, this section en
deavours to provide a comprehensive review and analysis of the dy
namic behaviour of UHPC structural members, including slabs, beams 
and columns, under a variety of blast loading conditions. Simulta
neously, comparative analyses regarding the blast performance of UHPC 
and normal reinforced concrete (NRC) or HSC members are also 
included under typical blast scenarios to underscore the superiority of 
UHPC in withstanding blast loads. 

2.1. UHPC slabs 

Extensive investigations into the blast response and damage behav
iour of UHPC slabs, specifically those utilised in building floors and 
bridge decks, have been conducted. For readers’ reference, a summary 
of these relevant studies, gathered from the open literature sources, can 
be found in Table 1 in Appendix. 

Published research data regarding the blast response of UHPC slabs 
primarily concentrates on one-way slabs. Ngo et al. [101] conducted 
surface burst tests using rectangular Hexoline explosives weighing 5000 
kg (equivalent to 6000 kg TNT) at a standoff distance of 40 m (Z = 2.2 
m/kg1/3) to compare the far-field blast performance of 2000 mm ×
1000 mm × 100 mm pre-stressed and simply-supported Ductal® UHPC 
and NRC slabs. As presented in Fig. 15, in contrast to the companion 
NRC slab, the UHPC slab demonstrated remarkable ductility, minimal 
permanent deflections, and the capacity to absorb substantial energy 
without fragmentation. As the standoff distance decreased to 30 m (Z =
1.65 m/kg1/3), the structural response of the UHPC slab became more 
pronounced, resulting in the significant deflection, though no major 
damage was observed likewise. Mao et al. [102] conducted air burst 
tests using 100 kg TNT explosives at various standoff distances and 
corresponding numerical simulations, attempting to explore the effect of 
steel fibre and rebar contents on the far-field explosion response of 3500 
mm × 1300 mm × 100 mm simply-supported UHPC slabs. The research 
outcomes indicated that when Z > 2.7 m/kg1/3, both the steel fibre and 
rebar contents had a similar effect in strengthening the blast resistance 

Fig. 13. ST facility for testing UHPC beams and columns at the University of Ottawa.  

Fig. 14. Advanced ST facility at the University of Wollongong [90].  

Fig. 15. Blast response of 2000 mm × 1000 mm × 100 mm pre-stressed and simply-supported one-way Ductal® UHPC and NRC slabs at Z = 2.2 m/kg1/3 under 
surface burst environment [101]. 
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of UHPC slabs, However, when Z < 2.7 m/kg1/3, the steel rebar content 
had a more substantial impact on enhancing the UHPC slabs against 
explosions. In a subsequent study, Mai et al. [103] did a parametric 
analysis using the validated numerical model to examine the influences 
of slab thickness and steel reinforcement ratio on the far-field explosion 
behaviour of UHPC slabs under various magnitudes of Z. Their findings 
revealed that as the slab thickness decreased, the damage mode transi
tioned from primarily flexural to a combination of shear and flexural. 
Additionally, the positive effect as offered by the steel reinforcement 
ratio on decreasing the maximum mid-span deflection of the slabs more 
pronounced in the medium-field explosion scenario as compared to the 
far-field explosion scenario. Wu et al. [104] also confirmed through 
free-air bust tests that in the case of approximately medium-field ex
plosion (cylindrical Composition B explosives, Z = 0.37–0.5 m/kg1/3), 
the UHPC slab with steel reinforcement exhibited a superior perfor
mance in comparison to the unreinforced UHPC slab. Building upon 
these findings, Li et al. [62] further designed reinforced UHPC slabs 
measuring 2000 mm × 1000 mm × 100 mm with partially fixed 
boundary conditions, and then tested their behaviour in the free-air 
burst scenario utilising spherical Composition B explosives (1–14 kg 
TNT equivalent). As shown in Fig. 16, the UHPC slab displayed a flexural 
response within the elastic range at Z = 3.05 m/kg1/3. As Z decreased 
from 0.5 m/kg1/3 to 0.41 m/kg1/3, the UHPC slab shifted from the plastic 
range to complete failure. Also noted, the yielding strength of the steel 
reinforcement played a prominent role in reducing the mid-span de
flections of UHPC slabs when subjected to medium-field explosions. 
Subsequently, Lin [105] implemented a parametric study using a vali
dated numerical model to explore the effects of steel reinforcement ratio 
on the mediuem- and far-field blast performance of UHPC slabs under 
free-air burst conditions. The numerical outcomes indicated that the 
effect of the steel reinforcement ratio could be disregarded when the 
UHPC slab underwent far-field explosions (Z = 1.3 m/kg1/3). Increasing 
the steel reinforcement ratio proved effectiveness in enhancing the 
resistance of UHPC slabs to medium-field explosions (Z = 0.5 m/kg1/3), 
but the improvement became less pronounced when the ratio exceeded a 
certain threshold, i.e. 1.4 vol-%. Su et al. [54] adopted 4 kg cylindrical 
TNT explosives at standoff distances spanning from 0.79 m to 1.27 m (Z 
= 0.5–0.8 m/kg1/3) to generate a free-air burst environment for testing 
the blast behaviour of reinforced and simply-supported UHPC slabs with 
dimensions of 2400 mm × 1000 mm × 100 mm. Under the medium-field 
explosion, flexural response was observed on the slab, and the flexural 
damage of UHPC slabs became more severe as Z decreased, yielding 
larger mid-span deflection coupled with an increased number of cracks. 
Ellis et al. [87] utilised the BS facility to test unreinforced and 
simply-supported UHPC slabs having dimensions of 1626 mm × 864 
mm × 50 mm under reflected impulse loads varying from 0.77 MPa ms 
to 2.05 MPa ms. The study revealed that the unreinforced UHPC slabs 
experienced failure at reflected impulse levels ranging from 0.97 
MPa-sec to 1.47 MPa-sec. Utilising a hierarchical multi-scale model, the 
numerical findings demonstrated that factors such as steel fibre 

geometry and content that increased the energy dissipation were crucial 
in enhancing the blast resistance of unreinforced UHPC slabs. Through 
near-field explosion tests (25 kg rectangular TNT explosives at a standoff 
distance of 0.45 m, Z = 0.15 m/kg1/3) upon two full-scale reinforced 
bridge decks under free-air burst conditions [106], the positive influence 
of steel fibre content and strength on improving the blast performance 
was also demonstrated. As observed, the UHPC bridge deck with higher 
steel fibre content and strength effectively inhibited the concrete spall
ation, though it did not show significant advantages in reducing the 
mid-span permanent deflection. 

The investigation into the anti-explosion performance of two-way 
UHPC slabs is less conducetd. Yi et al. [107] carried out medium-field 
explosion tests on an unreinforced UHPC slab measuring 1000 mm ×
1000 mm × 150 mm under the free-air burst circumstance. The UHPC 
slab, clamped on all four sides, underwent the 15.88 kg spherical ANFO 
explosion (13.02 kg TNT equivalent) at a standoff distance of 1.5 m (Z =
0.64 m/kg1/3). Comparing to the companion reinforced slabs made of 
NSC and HSC, the UHPC slab exhibited decreased maximum and re
sidual deflections, more controlled cracking with less spalling damage 
and higher energy absorption capacity. These benefits were ascribed to 
the positive influence of short steel fibres in the UHPC slab. Under a 
similar burst circumstance, Mao et al. [108] experimentally and 
numerically assessed the medium-field explosion response of 660 mm ×
660 mm × 25 mm unreinforced and fully fixed UHPC slabs with various 
steel fibre reinforcements to 0.2–1.1 kg spherical PE4 explosives 
(0.24–1.32 kg TNT equivalent) at a fixed standoff distance of 0.5 m (Z =
0.46–0.8 m/kg1/3). The study determined that the fibre length slightly 
affected the blast resistance of UHPC slabs, but there was a noticeable 
improvement in the blast resistance when the fibre content was 
increased from 2 vol-% to 6 vol-%, as depicted in Fig. 17. 

Dragos et al. [109] incorporated an advanced moment-rotation 
analysis technique into the FD model to analyse the dynamic response 
of one-way reinforced UHPC slabs subjected to blast loads. Adopting the 
verified FD model and considering the ultimate rotation of the plastic 
hinge as the failure criterion, a normalised P-I diagram accompanied by 
two normalisation equations was established for UHPC slabs. Fig. 18 
illustrates this diagram, in which the coordinates, Pr and I, need to be 
respectively scaled up by Prmin and Imin, as given by the following nor
malisation equations: 

Prmin = 1.8
(
kypkducD0.584L-2Mu

)
(1a)  

Imin = 57.04
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

WeD1.231L-0.5
/

kyi

√

(1b)  

where Prmin represents the minimum peak reflected overpressure; kyp =

(
My
Mu

)0.293 
denotes the yield factor/pressure; My and Mu respectively 

denote the yield and ultimate moments; kduc =
(

θu
Mu

)0.168 
denotes the 

dynamic ductility shape factor; θu denotes the ultimate rotation; Ds and 

Fig. 16. Damage mode of 2000 mm × 1000 mm × 100 mm reinforced and partially fixed one-way Ductal® UHPC slabs under free-air burst environment [62].  
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Ls represent the slab depth and span length, respectively; Imin represents 
the minimum impulse; We = Muθu denotes the energy absorption ca
pacity factor; kyi =

My
Mu 

denotes the yield factor/impulse. The normalised 
P-I diagram is applicable for the generic assessment of UHPC slabs with a 
variety of sectional and material properties in resisting blast loads. 

In a more recent investigation conducted by Hou et al. [78], an 
improved P-I diagram was put forward to quantitatively evaluate the 
multiple failure modes of reinforced one-way UHPC slabs subjected to 
blast loads. The establishment of the P-I diagram relied on two 
loosely-coupled SDOF models for flexural and shear responses, utilising 
the support rotation θ and average shear strain γ as the respective failure 
criteria. Fig. 19(a) presents the P-I diagram incorporating multiple 
failure modes for a standard one-way UHPC slab. The dimensions of the 
slab were 4000 mm × 1000 mm × 200 mm, and it was clamped at the 
short edges. The slab had the uniaxial compressive strength of 100 MPa. 
The longitudinal reinforcement ratio was 2.8 vol-%, and the load level (i. 
e. the ratio of the imposed load to the slab bending capacity) was 0.3. 
The P-I diagram was separated into five regions, including region I (no 
failure), region II/V (shear failure), region III (flexural failure) and re
gion IV (flexural-shear failure). Notably, in region V, the shear fracture 

occurred along with shear and flexural damages. Nevertheless, as the 
flexural damage at the slab mid-span did not have enough time to 
develop when the shear fracture appeared at the supports, this region 
was still considered as the shear failure region. Thereafter, parametric 
studies were performed in their investigation to assess the influences 
resulting from various factors on the failure modes depicted in the P-I 
diagrams for UHPC slabs, as illustrated in Fig. 19(b)–(g). As expected, 
the asymptotes of the P-I diagrams displayed an upward trend with 
increasing the slab thickness, longitudinal reinforcement ratio and 
uniaxial compressive strength of UHPC. Conversely, these values 
exhibited a downward trend with an increase in the slab span. Regarding 
the load level, a slight increase in the value led to a reduction in the 
asymptote of the flexural failure P-I curve, while its effect on the as
ymptotes of the shear failure P-I curves was disregarded. Shifting from 
the clamped to simply-supported boundary condition caused a notice
able decrease in the asymptotic value of the flexural failure P-I curve, 
whereas the asymptotic values of the shear failure P-I curves remained 
nealy unchanged. Drawing from the findings of the parametric studies, 
an empirical equation was derived to describe the P-I diagrams of 
multiple failure modes for reinforced one-way UHPC slabs subjected to 
blast loads, which is given by: 

(P - Pa)(I - Ia)=

(
Pa

2
+

Ia

2

)m

(2)  

where Pa and Ia respectively denote the pressure and impulse asymp
totes, which can be expressed as follows:  

1) For flexural failure: 

Pfa =
(
nL1nH1nρ1nfc1nη1ns1

)
Ptfa (3a)  

Ifa =
(
nL2nH2nρ2nfc2nη2ns2

)
Itfa (3b)    

2) For shear failure: 

Psa =
(
nL3nH3nρ3nfc3nη3ns3

)
Ptsa (4a)  

Isa =
(
nL4nH4nρ4nfc4nη4ns4

)
Itsa (4b)  

where Ptfa, Itfa, Ptsa and Itsa represent the asymptotes for the standard 
UHPC slab. The variable n with different subscripts represents the in
fluence of various factors on the asymptotes, including slab span (Ls), 
slab thickness (Hs), longitudinal reinforcement ratio (ρ), uniaxial 
compressive strength of UHPC (fc), load level (η) and boundary condi
tion (s). The shape coefficient m denotes the shape coefficient, which 
could be constantly taken as 1.82 for the shear failure P-I curves. For the 
flexural failure P-I curve, m was determined by: 

m= s
(
-1.29Ls

0.1 + 2.48
)(

3.3Hs
0.04 - 2.1

)
(5)  

where s was taken as 1.62 and 1.5 for clamped and simply-supported 
UHPC slabs, respectively. 

In contrast to the evident structural response observed in medium- 
and far-field explosion scenarios, the prevailing damage mode in UHPC 
slabs in very close-in or contact explosion scenarios is highly localised, 
and the blast response is not sensitive to the boundary conditions. Li 
et al. [110] experimentally assessed the resistance of a 100 mm thick 
UHPC slab reinforced with 2 vol-% steel fibres (without steel rebars) to 
contact explosions (1 kg cylindrical TNT explosive), and compared its 
performance with an NRC slab under the identical blast conditions, as 
depicted in Fig. 20. It was observed that though the UHPC slab exhibited 
a damage mode akin to that of the NRC slab, the dimensions of the 
localised damage, especially on the distal surface, were significantly 
reduced. This phenomenon could be elucidated through two primary 
factors. Initially, the excellent dynamic strength and toughness of UHPC, 

Fig. 17. Peak 1/4 span deflection versus PE4 explosive weight for 660 mm ×
660 mm × 25 mm unreinforced and fully fixed two-way UHPC slabs with 
various steel fibre contents under free-air burst environment [108]. 

Fig. 18. Normalised P-I diagram for UHPC slabs under blast loads [109].  
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along with the frictional pull-out behaviour of steel fibres, helped 
dissipate blast stress waves propagating within the slab. Secondly, the 
incorporation of steel fibres within the UHPC slab afford a notable 
bridging effect that hinders the separation of cracked-off parts and the 
further development of cracks. Although research on the influence of 
volumetric content of steel fibres on the contact detonation resistance of 
UHPC slabs is still limited, Luccioni et al. [111] experimentally observed 

that augmenting the content of hooked-end steel fibres from 0.5 vol-% to 
1 vol-% only had a limited improvement in the contact explosion 
resistance of ultra-high strength concrete (UHSC) slabs. While more steel 
fibres indeed strengthen the material properties of UHPC, the threshold 
for volumetric content that enhances the blast energy absorption ca
pacity of UHPC slabs remained ambiguous and potentially dependent on 
UHPC compositions or fibre geometry [38]. To quantitatively assess the 

Fig. 19. P-I diagrams of multiple failure modes and influencing factors for one-way UHPC slabs under blast loads [78].  
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effect of slab thicknesses and longitudinal reinforcement number on 
promoting the blast performance of UHPC slabs, Li et al. [71] executed a 
sequence of contact explosion tests using 0.1 kg or 1 kg cylindrical TNT 
explosives. It was found that approximately doubling the longitudinal 
reinforcement number yielded only a minor effect on reducing the 
localised damage area, indicating that the confinement effect offered by 
the steel reinforcement was less prominent. As expected, increasing the 
slab thickness proved effective in mitigating the localised damage and 
side concrete cracking of UHPC slabs induced by contact explosions. The 
positive role as played by the slab thickness in resisting contact explo
sions was also confirmed in experimental investigations by Wan et al. 
[112]. 

Predictions of the UHPC spallation caused by contact explosions can 
be made through available empirical models. Based on classification I 
(as shown in Fig. 7), Morishita et al. [72] developed a set of empirical 
equations with respect to the slab thickness (Hs) and TNT equivalent (W) 
to assess the localised damage degree of NRC slabs under contact ex
plosions. Building upon this research, Liu et al. [113] calibrated the 
empirical equations to be applicable for UHPC slabs based on numerical 
simulations, yielding the following equations: 

For ‘crater only’,Hs
/

W1/3 > 0.22 (6a)  

For ‘crater and scabbing’, 0.135 < Hs
/

W1/3 ≤ 0.22 (6b)  

For ‘perforation’,Hs
/

W1/3 ≤ 0.135 (6c)  

In a later numerical study, based on classification II (as presented in 
Fig. 8), Liu et al. [38] proposed additional empirical models to predict 
the localised damage degree of UHPC slabs with the geopolymer binder 
under contact explosions, as given by: 

For ‘mild’ damage,Hs
/

W1/3 > 0.21 (7a)  

For ‘moderate’ damage, 0.15 < Hs
/

W1/3 ≤ 0.21 (7b)  

For ‘severe’ damage,Hs
/

W1/3 ≤ 0.15 (7c) 

The proposed empirical models were compared with the existing test 
data on UHPC slabs under contact explosions [71,111,112,114], as 
depicted in Fig. 21. The analysis revealed that the aforementioned 
empirical models exhibited a reasonable capability in evaluating the 
localised damage degree of UHPC slabs exposed to contact explosions, 
according to both classification criteria. 

Besides the localised damage, secondary fragmentation of UHPC 
structural members caused by very close-in or contact explosion is 
another particular concern that poses risks to human safety and struc
tural integrity. Li et al. [71] carried out experimental evaluations on the 
blast-induced fragment distributions of three UHPC slabs with varying 
thicknesses (120 mm and 150 mm) and numbers of longitudinal rebar on 
each side (5 and 9) against 1 kg TNT contact explosions. Fig. 22(a) and 
(b) indicate that the fragments originating from the UHPC slab exhibit 
greater irregularity compared to those originating from the NRC slab. 
This irregularity can be attributed primarily to the inclusion of fiber 
reinforcement. As shown in Fig. 22(c), the UHPC slab produced signif
icantly fewer fragments in comparison to the NRC slab when subjected 
to the identical blast loading conditions, and the weights of fragments 
passing through each sieve level were lower for the UHPC slab. As 
depicted in Fig. 23, increasing the slab thickness and the number of 
longitudinal rebars helped suppress fragment generation from UHPC 
slabs exposed to contact explosions. Through the sieve analysis and data 
fitting, it was determined that the Log-normal distribution model was 
well-suited for representing the sizes of fragments generated from UHPC 
slabs, and the model is given by: 

P
( 〈

Df
)
=

1
2

[

1 + erf
(

lnx - μ
σ

̅̅̅
2

√

)]

=
1
2

erfc
(

-
lnx - μ
σ

̅̅̅
2

√

)

= φ
(

lnx - μ
σ

)

(8)  

where P(<Df) represents the cumulative weight percentage of fragments 
with a diameter smaller than Df; erf and erfc denote the error and 
complementary error functions, respectively; μ and σ respectively 
represent the location and scale coefficients; φ denotes the cumulative 
distribution function (CDF) based on the standard normal distribution. 
As illustrated in Fig. 23, the size distribution of fragments generated 
from UHPC slabs exhibited fair agreement with the Log-normal distri
bution model after fitting the coefficients μ and σ. 

Fig. 20. Localised damage of 100 mm thick NRC and UHPC slabs under 1 kg TNT contact explosion [110].  
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2.2. UHPC beams 

Until now, the available literature has only encompassed a restricted 
array of investigations focused on UHPC beams exposed to free-air burst 
scenarios. An overview of these studies can be found in Table 2 in 

Appendix. 
Yan et al. [83] executed near-field blast tests at a fixed standoff 

distance of 0.25 m with various charge weights of cylindrical TNT ex
plosives (1–2 kg, Z = 0.2–0.25 m/kg1/3) as well as the supplymentary 
numerical simulations to assess the blast-resistant capabilities of 2440 
mm × 125 mm × 250 mm simply-supported UHPC beams reinforced 
with glass fibre reinforced polymer (GFRP) rebars. The investigation 
aimed at the influences resulting from concrete type, transverse rein
forcement (stirrup), reinforcement type and ratio on the resistance of 
UHPC beams to withstand blast loads. Fig. 24 depicts the results under 
the same blast loading scenario at Z = 0.22 m/kg1/3, where the NRC 
beam experienced shattering at mid-span with extensive concrete frag
mentation and GFRP rebar rupture. In contrast, the UHPC beam only 
suffered localised damage on the front face, with several cracks 
discernible within the flexural zone. GFRP rebars demonstrated signif
icant advantages over normal-strength steel (NSS) and high-strength 
steel (HSS) rebars in enhancing the blast resistance of UHPC beams, 
contributing to substantial rebound deflection and minimised residual 
deflection, as presented in Fig. 25(a). By incorporating compressive 
longitudinal reinforcement, rebound failure in GFRP reinforced UHPC 
beams due to moment reversal under blast loads was effectively pre
vented, which is depicted in Fig. 25(b). Moreover, as shown in Fig. 25 
(c), the synergy between compressive and tensile longitudinal re
inforcements, coupled with the incorporation of transverse reinforce
ment, significantly contributed to the reduced deflection and limited 
occurrence of localised damage. It was also found that 16 mm diameter 
GFRP longitudinal reinforcement provided the most effective 

Fig. 21. Empirical models to evaluate the local damage of UHPC slabs under contact explosions.  

Fig. 22. Fragment samples of 120 mm thick NRC and UHPC slabs after 1 kg TNT contact explosions [71].  

Fig. 23. Log-normal distribution of fragment sizes generated from UHPC 
slabs [71]. 

J. Liu et al.                                                                                                                                                                                                                                       



Cement and Concrete Composites 148 (2024) 105449

14

enhancement in the blast performance of UHPC beams, outperforming 
12 mm and 20 mm diameter reinforcements. 

Guertin-Normoyle [88] systematically investigated the single and 
repeated far-field explosion performance of simply-supported UHPC 
beams, measuring 2440 mm × 125 mm × 250 mm, implemented by the 
ST facility at reflected impulse levels approximately between 0.25 MPa 
ms and 1.09 MPa ms. This study explored the influences of various 
design parameters, including steel rebar type, longitudinal reinforce
ment ratio, transverse reinforcement, steel fibre type and content on the 
blast performance of UHPC beams. The test results highlighted the sig
nificant benefits of using high strength reinforcement in resisting blast 
loads, as it notably enabled the full capacity of UHPC to be utilised 
effectively. In addition, increasing the reinforcement ratio had a sub
stantial positive effect on blast performance and prevented bar rupture. 
Among the steel fibres, those with larger aspect ratios demonstrated a 
more pronounced influence on the blast resistance. While the steel fibre 
content between 1 vol-% and 3 vol-% had a limited impact on blast 
resistance, further studies were recommended to evaluate its effects 
more comprehensively. The inclusion of transverse reinforcements 
evidently improved shear resisting strength and prevented brittle shear 
failure in the UHPC beams. In a later research, Almustafa and Nehdi 
[115] employed a machine-learning method to forecast the maximum 
mid-span deflection of UHPC beams against far-field explosions. This 
was followed by a parametric investigation aimed at assessing the effects 
arising from variations in fiber properties. In the case of UHPC beams 
with NSS rebars, augmenting the steel fiber content had a limited impact 
at lower blast magnitudes and even reduced blast resistance at higher 
blast magnitudes. However, in UHPC beams with HSS rebars, increasing 
the steel fibre content improved blast resistance until reaching a critical 
threshold, beyond which blast resistance decreased. It was also noted 
that the use of shorter steel fibres with a larger aspect ratio effectively 
enhanced the blast capacity of UHPC beams. 

2.3. UHPC columns 

In recent years, there has been a notable rise in the number of studies 

dedicated to investigating the blast resistance of UHPC columns, since 
they are critical load-bearing components in structural systems. To offer 
a comprehensive overview, a collection of published studies delving into 
the blast performance of UHPC columns has been outlined in Table 3 in 
Appendix. 

Xu et al. [82] experimentally assessed the blast resistance of rein
forced and fully fixed UHPC columns with dimensions of 2500 mm ×
200 mm × 200 mm. In their study, cylindrical emulsion explosives with 
charge weights varying from 1.4 kg to 48 kg (equivalent to 1–35 kg TNT) 
were used at a consistent standoff distance of 1.5 m (Z = 0.5–1.5 
m/kg1/3). In Fig. 26, the results showed that at Z = 0.6 m/kg1/3, the HSC 
column suffered notable concrete spalling damage on both the top and 
bottom surfaces, while the UHPC column displayed superior explosion 
resistance, with only minor flexural cracks observed at the bottom sur
face and limited permanent mid-height deflections. Also observed in 
Fig. 26, the mid-span deflection of axially loaded specimens was lower 
than those without axial load, since the presence of the axial load 
changed the boundary condition of the columns and restricted the end 
rotation. The impact of the change in boundary conditions dominated 
over the P-delta effect, leading to a diminished mid-height deflection. 
The same batch of blast tests on UHPC columns (17.5–35 kg TNT 
equivalent at a standoff distance of 1.5 m, Z = 0.46–0.58 m/kg1/3) as 
conducted by Li et al. [116] indicated that the steel fibre shape (i.e. 
straight and twisted) had a minimal impact on the anti-explosion 
performance. 

Burrell [117] conducted an experimental investigation on partially 
fixed UHPC columns with dimensions of 2468 mm × 152 mm × 152 mm 
to assess their performance under combined simulated blast loads and 
axial loads using the ST facility. The single and repeated reflected im
pulse in this experiment ranged approximately from 0.013 MPa ms to 
0.1 MPa ms, and the axial load applied was 294 kN (axial load ratio of 
0.3). The test outcomes revealed that the residual deflections of the 
UHPC columns exhibited a pseudo-linear decrease with an escalation in 
the fibre content up to 4 vol-%, while a subsequent elevation in the fibre 
content from 4 vol-% to 6 vol-% led to an augmentation in the residual 
deflections. Additionally, it was observed that a narrower spacing of 

Fig. 24. Comparison of the response of 2440 mm × 250 mm × 125 mm simply-supported NRC and UHPC beams with GFRP rebars to free-air burst at Z = 0.22 m/ 
kg1/3 [83]. 

Fig. 25. Effects of reinforcement type, compressive and transverse reinforcements on the mid-span deflection of UHPC beams under blast loads [83].  
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transverse reinforcements contributed to reducing the deflection of the 
UHPC columns. Drawing upon the preceding experimental work, 
Astarlioglu and Krauthammer [118] extended their investigation using 
the SDOF model to analyse the behaviour of UHPC columns exposed to 
four levels of idealised blast loads. The study included a parametric 
analysis primarily focusing on the effect resulting from the boundary 
conditions and axial loads. The results indicated that UHPC columns 
with fixed boundary conditions exhibited nearly half the deflection in 
comparison to those with simply-supported boundary conditions. 
Additionally, the application of axial loads spanning from 0 to 2847 kN 
exerted a beneficial impact on enhancing the blast resistance of the 
UHPC columns. In a later investigation, Aoude et al. [86] continued 
employing the ST facility to examine the influence of additional design 
parameters, such as the longitudinal reinforcement ratio and fibre 
properties, on the response of UHPC columns to single and repeated 
blast loads, wherein the test setups and specimen configurations were 
identical to those employed in Ref. [117]. The findings revealed that 
higher longitudinal reinforcement ratios and the use of steel fibre with 
optimised properties, such as increased tensile strength and larger 
aspect ratio, positively influenced the anti-explosion capacity of UHPC 
columns. To enhance their analysis, an improved SDOF model that 
considered partially released boundary effects by incorporating the 
lumped inelasticity approach was further proposed in their study. This 
model reasonably predicted the blast response of UHPC columns. 
However, one assumption made was that the plastic hinge length used in 
the lumped inelasticity analogy was equal to the effective depth of the 
UHPC columns. Drawing from experimental observations, it was sug
gested that the actual plastic hinge length for UHPC columns might be 
smaller, indicating the need for further investigation into the length 
effect on blast responses. 

To expedite the evaluation of damage to reinforced UHPC columns 
under blast loads, the use of P-I diagrams is proposed. Given that col
umns primarily carry axial loads in structures, employing the residual 
axial load-carrying capacity as the damage criterion proves appropriate 
for addressing the multiple failure modes experienced by UHPC columns 
subjected to blast loads [119]. Li et al. [116] proposed a P-I diagram 
based on the criterion of residual axial load-carrying capacity to 

quantitatively evaluate the damage of reinforced and fully fixed UHPC 
columns measuring 2500 mm × 200 mm × 200 mm. These columns 
were equipped with either straight or twisted steel fibres and subjected 
to blast loads (17.5–35 kg TNT equivalent) at a standoff distance of 1.5 
m (Z = 0.46–0.58 m/kg1/3). The damage index D∗ was defined as the 
damage criterion [66], which is given by: 

D∗ = (1 - Presidual /Pmax) × 100% (9)  

where Presidual denotes the residual axial load-carrying capacity of the 
post-blast UHPC column; Pmax denotes the maximum loading capacity of 
the undamaged UHPC column. For fitting the P-I diagrams, the equation 
could be formulated as: 

(P - Pa)(I - Ia)= α(Pa/2 + Ia/2)β (10)  

where α and β are shape coefficients, dependending on the column 
configurations and damage degree. In their subsequent research, Li and 
Wu [120] established a P-I diagram for UHPC columns with twisted steel 
fibres after accounting for three damage degrees (D∗ = 0.2, 0.4 and 0.6), 
revealing specific values for coefficients A and B under each damage 
degree scenario. For D∗ = 0.2, the values of A and B were determined as 
5.3 and 1.3, respectively. For D∗ = 0.4, the values of A and B were 
determined as 5.5 and 1.4, respectively. For D∗ = 0.6, the values of A and 
B were determined as 5.5 and 1.35, respectively. A parametric study 
using the validated numerical model was then carried out to examine the 
effects of cross-section size (Wc), uniaxial compressive strength of UHPC 
(fc), longitudinal reinforcement ratio (ρ) and height (Hc) on the P-I di
agram of UHPC columns. Through the least square fitting approach, the 
pressure and impulse asymptotes were derived as follows:  

1) For D∗ = 0.2: 

Pa(0.2)= -
0.864Hc

1000
+ 0.0157fc +

15.4Wc

1000
+ 16.39ρ - 2.1 (11a)  

Ia(0.2)= -
1.05Hc

1000
+ 0.0149fc +

10.3Wc

1000
- 1.15ρ + 0.716 (11b)   

Fig. 26. Comparison of the response of 2500 mm × 200 mm × 200 mm reinforced and fully fixed HSC and UHPC columns to blast loads at Z = 0.6 m/kg1/3 under 
free-air busrt environment [82]. 
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2) For D∗ = 0.4: 

Pa(0.4)= -
0.979Hc

1000
+ 0.0189fc +

20.0Wc

1000
+ 16.89ρ - 2.82 (12a)  

Ia(0.4)= -
0.782Hc

1000
+ 0.0119fc +

8.18Wc

1000
+ 2.52ρ + 1.47 (12b)    

3) For D∗ = 0.6: 

Pa(0.6)= exp
(

-
1.06Hc

1000
+ 0.00345fc +

5.01Wc

1000
+ 6.44ρ+ 1.84

)

(13a)  

Ia(0.6)= -
0.551Hc

1000
+ 0.0091fc +

26.1Wc

1000
+ 7.71ρ - 2.15 (13b)  

In a more recent study, Rong et al. [121] established an improved P-I 
diagram to quantitatively evaluate the multiple failure modes of rein
forced and fully fixed UHPC columns under blast loads. The construction 
of the P-I diagram was based on the simplified equivalent SDOF model 
that incorporated both bending and shear equivalent components. 
Specifically, the maximum rotating angle at the column end (θc) and the 
average shear strain (γ) were employed as the criteria for failure. The 
study revealed several key findings. First, the asymptotes of the P-I 
curves exhibited an upward trend with increasing cross-sectional di
mensions, uniaxial compressive strength of UHPC and longitudinal 
reinforcement ratio. Conversely, a decrease in the slenderness and axial 
load ratio resulted in a decline in the asymptotic values. The shape of the 
P-I curves was primarily influenced by the slenderness ratio, axial load 
ratio and cross-sectional dimensions of the UHPC column. 

3. Synergistic use of UHPC with other structures against blast 
loads 

In addition to being directly employed as the structural member, 
UHPC can be utilised in conjunction with other structures or employed 
to reinforce existing NRC structures to bolster their resistance to blast 
loads. The following sections will provide a summary of the anti- 
explosion performance achieved through the synergistic use of UHPC 
with other structures, encompassing mesh reinforced UHPC, UHPC- 
filled steel tubes and UHPC strengthening of NRC structures. 

3.1. Mesh reinforced UHPC 

In the design of steel reinforcement for UHPC structural members, 
the usage of HSS rebar is often pursued to achieve a balanced cross- 
sectional configuration. However, this might lead to increased mate
rial cost, and traditional reinforcement fails to fully leverage the work
ability of UHPC. An alternative to conventional steel rebars is steel wire 
mesh, which is fabricated with welded grids comprising parallel longi
tudinal and cross wires set at precise intervals. Concrete reinforced with 
steel wire mesh, often integrated with self-compacting concrete con
taining fewer or no coarse aggregates, allows for the creation of a diverse 
range of structural forms with modifiable performance attributes. The 
mechanical and physical properties of concrete reinforced with steel 
wire mesh can be adjusted by modifying the steel grade and volumetric 
fraction, providing greater flexibility in tailoring the material to specific 
requirements [122,123]. 

Li et al. [70] developed an innovative design of high strength 
self-compacting concrete slab reinforced with steel wire mesh. In this 
design, the steel wire mesh served as the additional reinforcement 
within the slab, while steel fibres were incorporated into the concrete 
mix and employed within the cover layer to offer the micro bridging 
effect. Medium-field blast tests under the free-air burst circumstance 
were carried out on the partially fixed one-way slab measuring 2000 
mm × 800 mm × 120 mm. The slab was subjected to the 12 kg 

cylindrical TNT explosive at a standoff distance of 1.5 m (Z = 0.66 
m/kg1/3). A comparative analysis was also performed with the slab 
without steel wire mesh reinforcement. As illustrated in Fig. 27, the slab 
without steel wire mesh exhibited plastic deflection with a plastic hinge 
along with multiple cracks formed at the slab mid-span. Conversely, 
under the same blast load, the slab reinforced with steel wire mesh 
exhibited an elastic response, devoid of permanent deflection, and only 
hairline cracks were discernible. Notably, these cracks were distributed 
over a wider area when contrasted with the slab that lacked steel wire 
mesh reinforcement. 

Contact explosion tests conducted by Li et al. [124] using 1 kg cy
lindrical TNT explosives demonstrated that the additional spall and 
crater resistance provided by steel wire mesh reinforcement. This 
enhanced resistance was attributed to the excellent energy absorption 
capacity and localised tensile membrane effect produced by the steel 
wire mesh. The closely spaced arrangement of steel wire mesh effec
tively restricted the propagation of blast waves within the slab, thereby 
resulting in the reduced perforation and concrete spall. Although the 
conclusion indicated that augmenting the number of steel wire mesh 
layers further reduced the slab damage, it remains crucial to address its 
potential negative implications on the load-carrying capacity and 
ductility of reinforced concrete. Fig. 28(a)-(c) illustrate the corre
sponding numerical simulations, demonstrating the reduction in slab 
damage with an increased number of steel wire mesh layers. However, 
excessive augmentation of these layers could yield detrimental effects. 
Fig. 28(d) depicts the flexural behaviour of concrete prisms reinforced 
with 10, 20 and 30 layers of steel wire mesh. The concrete prisms with 
higher degrees of reinforcement, i.e. 20 layers and 30 layers, failed in a 
non-ductile shear mode rather than the flexural mode. This phenomenon 
emerged due to the augmentation in the flexural stiffness outweighing 
the corresponding increment in the shear capacity. It was observed that 
heavily concrete prisms would also fail at considerably lower deflections 
and external forces. 

Basalt textile is an alternative mesh reinforcement that can be inte
grated into concrete to afford corrosion protection, fire resistance and 
structural strengthening [125–127]. Foglar et al. [106] placed a single 
layer of basalt textile within the concrete cover between the soffit of the 
UHPC bridge deck and the underlying steel reinforcement, and then 
evaluated the near-field blast performance using 25 kg rectangular TNT 
explosives at a standoff distance of 450 mm (Z = 0.15 m/kg1/3). The 
UHPC bridge deck reinforced with basalt textile experienced more 
pronounced internal damage as compared to the UHPC bridge deck 
without basalt textile, whilst the basalt textile contributed to the rein
forcement of the anti-explosion behaviour, as evidenced by improve
ments from the perspective of spalling area and fragment population. In 
a subsequent investigation conducted by Liu et al. [128], the effects 
resulting from 20 layers of steel wire mesh and basalt textile on 
enhancing the resistance of 200 mm thick UHPC slabs with the geo
polymer binder to the contact explosion induced by 1 kg rectangular 
TNT explosives were compared experimentally. The outcomes demon
strated that the steel wire mesh outperformed the basalt textile in 
maintaining the integrity of the UHPC slab when exposed to contact 
explosions. This disparity could be ascribed to the inherent brittleness of 
the basalt textile and the weak interfacial bonding between the basalt 
textile and UHPC mixture. 

3.2. UHPC-filled steel tube 

A novel form of steel-concrete composite structure, referred to as 
concrete-filled steel tube, as well as its variant concrete-filled double 
steel tubes, has gained popularity within the engineering field in recent 
decades [129,130]. The concrete-filled steel tube is fabricated by filling 
concrete into an outer steel tube with a variety of sections, e.g. circular, 
rectangular, square, etc., while the concrete-filled double steel tubes 
consists of inner and outer steel tubes with a concentrical arrangement. 
The key superiority of this composite structure lies in the improved 
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strength and ductility of concrete, facilitated by the confinement effect 
exerted by the steel tube. Concurrently, the presence of the concrete core 
provides essential support that can postpone or even prevent local 
buckling of the steel tube. 

Free-air burst experimental investigations (3–10 kg cylindrical TNT 
explosives at 0.21–0.28 m standoff distance, Z = 0.12–0.14 m/kg1/3) 
have recently been performed by Wu et al. [131] on four fully fixed 
UHPC-FST columns having dimensions of 203 mm in diameter (6 mm 
thick steel tube) and 1900 mm in clear length. As presented in Fig. 29, 
the results indicated that the columns exhibited increasing global 
deflection and localised damage with the decrease in Z. Su et al. [132] 
further appraised the near-field explosion performance of bottom fixed 

UHPC-FST columns with the identical dimensions and properties as 
those in the earlier investigation [131]. They applied 25 kg cylindrical 
TNT explosives at various burst heights (0.25 m and 0.95 m) and 
standoff distances (0.3–0.5 m, Z = 0.1–0.17 m/kg1/3) to produce an air 
burst environment. As depicted in Fig. 30, under a fixed burst height of 
0.95 m, the UHPC-FST columns experienced the increasing global 
deflection and localised damage as Z reduced from 0.17 m/kg1/3 to 0.14 
m/kg1/3, whist they still maintained the structural integrity. When 
further reducing Z to 0.1 m/kg1/3 under a burst height of 0.25 m, the 
UHPC-FST column responded in a shear failure and completely lost its 
loading capacity. It was also observed that, under the same Z of 0.14 
m/kg1/3, the UHPC-FST column suffered less global and localised 

Fig. 27. Comparison of 2000 mm × 800 mm × 120 mm partially fixed one-way high strength self-compacting concrete slabs with or without steel wire mesh at Z =
0.66 m/kg1/3 under free-air burst environment [70]. 

Fig. 28. Numerical blast and experimental flexural behaviour of concrete specimens with 10, 20 and 30 layers of steel wire mesh [124].  
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damage when the burst height shifted from the mid-height (0.95 m) to 
the bottom of the column (0.25 m). Comparing the UHPC-FST columns 
with a variety of Z and burst heights, it was concluded that the burst 
height played a more important role in the global deflection, while Z had 
a greater effect on the localised damage. Contact explosion behaviour of 
the same UHPC-FST columns was further examined by Wang et al. [133] 
through the utilisation of cylindrical TNT explosives with charge 
weights spanning from 1 kg to 3 kg. In these tests, localised damage was 
observed around the detonation area without evident global deflection. 
The severity of the damage escalated proportionally with the TNT 
charge weight. Subsequent parametric studies based on the validated 
numerical model revealed that raising the strength grade and thickness 
of the outer steel tube, the uniaxial compressive strength and sectional 
dimensions of the core UHPC could enhance the contact explosion 
tolerance of UHPC-FST columns in terms of the localised damage degree 
and residual axial capacity [134]. 

Zhang et al. [135] conducted experimental investigations on 
UHPC-filled double-steel tube (UHPC-FDST) columns under 
medium-field blast loading conditions. The columns, with a length of 
2500 mm, were subjected to free-air burst tests using cylindrical emul
sion explosives with charge weights varying from 24 kg to 70 kg 
(equivalent to 17.2–50 kg TNT) at a standoff distance of 1.5 m (Z =
0.41–0.58 m/kg1/3). Two types of UHPC-FDST columns, including one 
with both inner and outer tubes circular and the other with both tubes 

square, were tested. The outer and inner tubes had the diameter/side 
length of 210 mm and 100 mm, respectively, and the tube thickness was 
5 mm. For comparison, two regular UHPC-filled steel tube (UHPC-FST) 
columns were also included in the test for comparison purpose. The 
research findings indicated that UHPC-FDST and UHPC-FST columns 
exhibited similar blast behaviour, with comparable periods of oscilla
tion, maximum and residual mid-height deflections. Raising the amount 
of explosive charge led to amplified deflections in the UHPC-FDST col
umns, with this influence being more notable in the case of columns 
lacking axial loads as opposed to those subjected to axial loading. The 
presence of the axial load in compression slightly decreased the 
maximum deflection of UHPC-FDST columns induced by blast loads. 
Later, with the verified numerical model, Zhang et al. [136] systemati
cally examined the behaviour of UHPC-FDST columns under near-field 
blast loads influenced by a variety of parameters. Up to a certain 
threshold, an augmentation in the axial load ratio brought about a slight 
reduction in the deflection of UHPC-FDST columns. However, once this 
threshold was surpassed, a substantial rise in the deflection or even 
structural instability occurred. When the hollow section ratio exceeded 
0.5, a considerable increment in the deflection was found, accompanied 
by a noticeable alteration in the oscillation period. Increasing the 
thickness of both the inner and outer tubes contributed to smaller de
flections, though this effect was more pronounced on the outer tube as 
compared to the inner tube. The blast loading behaviour of UHPC-FDST 

Fig. 29. Fully fixed UHPC-FST columns against near-field explosions under free-air bust environment [131].  

Fig. 30. Bottom fixed UHPC-FST columns against near-field explosions under air bust environment [132].  
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columns was primarily shaped by the configuration of the outer tube, 
whilst the geometry of the inner tube exhibited a limited impact. Taking 
into account various design parameters such as square side length (bs), 
column height (Hc), axial load ratio (ρa), hollow section ratio (ρh), steel 
ratio of the inner tube (ρi), steel ratio of the outer tube (ρo), uniaxial 
compressive strength of UHPC (fc) and yield strength of steel (fy), P-I 
diagrams were generated for UHPC-FDST columns against blast loads. 
The P-I diagrams derived based on the residual axial load-carrying ca
pacity as the damage criterion are presented as follows: 

(P - Pa)(I - Ia)= 2.2
(

Pa

2
+

Ia

2

)0.8

(14) 

The pressure and impulse asymptotes can be expressed by: 

Pa = 1.364
(

bs

200

)2.429

+ 1.388
(

Hc

3500

)-2.75

- 0.333
( ρa

0.3

)2

+ 0.24
( ρa

0.3

)
- 0.105

( ρh

0.25

)2  

+ 0.33
( ρh

0.25

)
+ 0.188

( ρi

0.07

)
+ 0.763

( ρo

0.128

)

+ 0.567
(

fc

170

)

+ 0.831
(

fy

350

)

- 3.863 (15a)  

Ia = 10.972
(

bs

200

)1.283

+ 10.133
(

Hc

3500

)-0.935

- 1.591
( ρa

0.3

)2

+ 2.143
( ρa

0.3

)
- 2.112

( ρh

0.25

)2  

+ 2.561
( ρh

0.25

)
+ 1.564

( ρi

0.07

)
+ 6.456

( ρo

0.128

)

+ 1.7
(

fc

170

)

+ 3.562
(

fy

350

)

− 24.7 (15b) 

To facilitate comparison, the P-I curves generated using Eq. (14) are 
plotted in Fig. 31 together with the numerically computed data points. It 
was found that the numerically determined data points fairly aligned 
with the fitted curves established using the suggested analytical 
equation. 

3.3. UHPC strengthening of NRC structures 

Enhancing the anti-explosion performance of existing NRC structures 

is an emerging and significant area worthy of attention. Besides 
increasing the inherent strength, ductility and toughness of concrete, 
another effective way involves utilising UHPC as an additional overlay 
[137–140] or retrofitting layer (replacing part of the concrete cover) 
[141–144] upon the existing NRC structures. This can be achieved 
through various strengthening approaches, such as reinforcing the 
compression or tension side, lateral side, U-shape, or full sides, 
employing either cast-in-place or prefabricated technique for construc
tion. The adoption of UHPC for strengthening purposes helps hinder 
potential drawbacks associated with other strengthening technologies, 
such as steel jacketing and fibre reinforced polymer (FRP) wrapping. 
Notably, UHPC addresses issues like fire resistance, corrosion, and 
debonding encountered in steel jacketing [145,146], as well as the 
bonding material degradation at the interface in FRP wrapping [147]. 

Ma et al. [148] applied 20–80 mm thick 3D printed UHPC layer 
snugly onto the compression side of NRC slabs with a fixed total thick
ness of 150 m, and assessed their contact explosion resistance using 0.4 
kg rectangular TNT explosives. It was noted that the extent of localised 
damage, including crater formation and scabbing, did not consistently 
follow an increasing or decreasing trend with the augmentation of UHPC 
layer thickness. This inconsistency in the damage behavior could be 
attributed to the complex interaction between the incident and reflected 
stress waves at the interface between the UHPC layer and NRC slab, as 
well as the diffractive stress waves resulting from the heterogeneous 
material composition. 

Li and Aoude [149] applied the ST facility to assess the dynamic 
response of three 2440 mm × 150 mm × 200 mm simply-supported NRC 
beams retrofitted with 20 mm thick UHPC layers on all sides over the 
span (referred as UHPC-F-NRC), under single and consecutive reflected 
impulse loads. Fig. 32 presents a comparison between NRC and 
UHPC-F-NRC beams subjected to a single reflected impulse load of 
approximately 0.38 MPa ms. The UHPC-F-NRC beam exhibited signifi
cant improvements as compared to the NRC beam, including a reduction 
of approximately 40 % in support rotation, maximum and residual 
mid-span deflections. The UHPC-F-NRC beam also effectively mitigated 
spalling damage, as evidenced by the presence of a major crack 
accompanied by several hairline cracks, without causing steel rebar 
fracture. Furthermore, the UHPC-F-NRC beam demonstrated superior 
residual capacity and stiffness after the blast, though its residual 
ductility was slightly lower than that of the NRC beam. Three consec
utive reflected impulse loads roughly varying from 0.14 MPa ms to 0.38 
MPa ms were also acted on the NRC and UHPC-F-NRC beams in this 
study to compare their blast performance. Under the first two blast 
events, the UHPC-F-NRC beam outperformed the NRC beam concerning 
the support rotation, maximum and residual mid-span deflections. 
Although an evident steel rebar fracture occurred in the UHPC-F-NRC 
beam under the third blast event, the retrofitting UHPC layer exhibi
ted the superiority in suppressing the generation of concrete debris. 
Subsequent to the validation of the numerical model, additional para
metric investigations were conducted, revealing that increasing the 
longitudinal reinforcement ratio and UHPC layer thickness contributed 
to reduced mid-span deflections, support rotations and damage degree 
in the UHPC retrofitted NRC beams under both single and consecutive 
blast loads. Additionally, slightly enlarging the distance between the 
UHPC layer interface and the longitudinal reinforcement was capable of 
protecting the steel rebar from fracture. 

Subsequently, Li and Aoude [150] probed into the effects of different 
UHPC retrofitting configurations on the single and consecutive blast 
behaviour of 2440 mm × 150 mm × 200 mm simply-supported NRC 
beams, using the same test conditions as their previous research [149]. 
Fig. 33 presents the anti-explosion performance of three UHPC retro
fitting configurations applied to NRC beams, including UHPC-F-NRC 
(full retrofitting over the span), UHPC-F(H)-NRC (full retrofitting in the 
middle hinge region) and UHPC-T-F(H)-NRC (retrofitting on the tension 
side over the span and full retrofitting in the middle hinge region) under 
a single reflected impulse load of approximately 0.38 MPa ms. The 

Fig. 31. Numerically calculated P-I data points for various magnitudes of 
bs [136]. 
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results revealed that full retrofitting over the span yielded the most 
pronounced reduction in the maximum mid-span deflection of the NRC 
beam, followed by a hybrid approach of tension side retrofitting over the 
span and full retrofitting in the middle hinge region, and the approach of 
full retrofitting in the middle hinge region alone. Additionally, all three 
retrofitted NRC beams demonstrated improved post-blast capacity as 
compared to the NRC beam, with UHPC-F-NRC and UHPC-T-F(H)-NRC 
exhibiting superior stiffness and strength. The study also investigated 
the blast resistance of the three UHPC retrofitting configurations under 
three consecutive blast loads, with reflected impulse loads of 0.14–0.38 
MPa ms. Three UHPC retrofitting configurations over the span, 
including tension side retrofitting, U-shape retrofitting (tension side and 
two lateral sides) and full retrofitting, were designed to comparatively 
investigate their anti-explosion capacity. The U-shape retrofitting 
approach showed the optimal performance in decreasing the maximum 
mid-span deflection of the NRC beam, especially under the first two blast 
loads. However, all three retrofitting approaches responded with failure 
due to the steel rebar fracture under the third blast load. Leveraging the 
verified numerical model, parametric investigations were further con
ducted to draw a conclusion that improving the longitudinal reinforce
ment ratio resulted in additional reductions in mid-span deflections for 
UHPC-retrofitted NRC beams. This adjustment also contributed to the 
postponement or prevention of steel bar rupture, evident under both 
single and consecutive blast loads. 

The resistance of NRC columns strengthened by UHPC to blast loads 
was also investigated by Lee et al. [151] using the ST facility. In their 
research, a 15 mm thick UHPC layer was applied to fully retrofit a 
partially fixed NRC column measuring 2468 mm × 160 mm × 160 mm. 
The column was subjected to three repeated reflected impulse loads 

ranging approximately from 0.1 MPa ms to 0.5 MPa ms. The UHPC 
retrofitting contributed to an evident enhancement in the explosion 
tolerance of the NRC column, resulting in decreased maximum and re
sidual mid-height deflections. Furthermore, the UHPC retrofitting 
technique effectively suppressed the crack distribution caused by the 
blast load on the column. Similarly, Wang et al. [152] numerically 
verified the superiority of NRC columns fully retrofitted with an 80 mm 
thick UHPC layer against blast loads. Through the comparative analysis 
and parametric studies, key design parameters for enhancing the blast 
resistance of retrofitted NRC columns are identified. Overall, under the 
air burst loading condition with Z = 0.12–1.39 m/kg1/3, both the 
maximum deflection and damage degree of UHPC retrofitted NRC col
umns were lower than those of NRC columns. The longitudinal rein
forcement ratio and UHPC retrofitting length were two priority factors 
for improving the blast resistance, while the UHPC retrofitting layer 
thickness had the most substantial impact on strengthening the 
post-blast capacity of the columns. 

4. Concluding remarks and recommendations for future 
research work 

This paper provides an exhaustive overview of the existing experi
mental, numerical and theoretical research on the behavior of UHPC 
structural elements, including slabs, beams and columns, as well as 
UHPC-based composite structures like mesh-reinforced UHPC, UHPC- 
filled steel tubes and UHPC strengthening of NRC structures, under 
blast loading conditions. Upon a thorough review and extensive dis
cussions, the following conclusions are deduced: 

Fig. 32. Comparison of the response of simply-supported NRC and UHPC-FS-NRC beams under the single reflected impulse of ~0.38 MPa ms [149].  

Fig. 33. Influences of UHPC retrofitting configurations on the blast behaviour of simply-supported NRC beams under the single reflected impulse of ~0.38 MPa 
ms [150]. 
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1) Owing to the exceptional strength, ductility, energy absorption 
capacity and damage tolerance, UHPC structural members 
outperform NRC and HSC counterparts in resisting blast loads. 
They excel in restraining structural responses, minimising local
ised damage, controlling crack propagation and reducing frag
mentation under various blast loading conditions.  

2) Increasing the steel reinforcement ratio within a certain range 
enhances the performance of UHPC slabs in close- and medium- 
field explosions. However, its effect on localised damage is min
imal under contact explosions. Steel fibre parameters like ge
ometry, strength and content boost blast performance of UHPC 
slabs, with fibre length slightly affecting blast resistance. The 
positive effect of steel fibre content is more pronounced in 
medium-field explosions than far-field explosions. Both slab 
thickness and blast scaled distance are important factors that 
influence the failure mode of UHPC slabs against blast loads.  

3) Utilising support rotation and average shear strain as the 
respective flexural and shear failure criteria, an improved P-I 
diagram is proposed for one-way UHPC slabs. This diagram 
considers various factors including slab span, thickness, longitu
dinal reinforcement ratio, UHPC compressive strength, load level 
and boundary condition that influence the asymptotes. Empirical 
models considering the slab thickness and TNT equivalent are 
validated to evaluate the localised damage of UHPC slabs exposed 
to contact explosions.  

4) GFRP rebars exhibit evident advantages over HSS rebars in 
enhancing the blast tolerance of UHPC beams, resulting in sub
stantial rebound deflection and minimised residual deflection. 
The combination of compressive and tensile longitudinal re
inforcements, along with transverse reinforcement, reduces 
deflection and localised damage. For UHPC beams with HSS re
bars, increasing the steel fibre content improves blast resistance 
until reaching a threshold, beyond which blast resistance de
creases. Using shorter steel fibres with a larger aspect ratio 
effectively improves the blast capacity of UHPC beams. 

5) Increasing the axial load level and employing fully fixed bound
ary conditions, along with reducing the spacing of transverse 
reinforcements, effectively restrain the structural response of 
UHPC columns against blast loads. Moreover, enlarging the steel 
fibre and reinforcement contents within a certain threshold, 
along with improving the steel fibre strength and aspect ratio, 
positively enhances the anti-explosion capacity of UHPC 
columns.  

6) Employing the residual loading capacity as the damage criterion, 
an improved P-I diagram for UHPC columns has been established. 
This diagram considers the influence of factors such as cross- 
sectional size, uniaxial compressive strength of UHPC, longitu
dinal reinforcement ratio and height on the asymptotes. Utilising 
the maximum rotating angle at the column end and the average 
shear strain as the respective criteria for flexural and shear fail
ure, another updated P-I diagram is proposed for UHPC columns. 
This diagram highlights the effect of the axial load ratio on the 
asymptotes. 

7) When the UHPC structural member is reinforced with steel re
bars, it tends to experience strain concentration, leading to 
concentrated large cracks and subsequent failure at mid-span, 
also resulting in wastage of the remaining UHPC material. In 
comparison to NRC, the ductility of UHPC structural members 
may decrease. 

8) Compared to basalt textile, steel wire mesh reinforcement pre
sents superior performance in improving the blast resistance of 
UHPC slabs. While augmenting the number of steel wire mesh 
layers helps reduce slab damage, it is essential to consider its 
potential adverse impacts on the load-carrying capacity and 
ductility of UHPC slabs. 

9) UHPC-filled steel tubes exhibit excellent blast resistance, partic
ularly under near-field and contact explosions. Both UHPC-FDST 
and UHPC-FST columns exhibit similar blast behaviour, with 
increased outer tube thickness and steel strength grade proving 
more effective in enhancing blast resistance. A P-I diagram is 
established for UHPC-FDST columns, using the residual loading 
capacity as the damage criterion. This diagram considers factors 
such as square side length, column height, axial load ratio, hollow 
section ratio, steel ratio of the inner tube, steel ratio of the outer 
tube, uniaxial compressive strength of UHPC and yield strength of 
steel.  

10) Retrofitting NRC structural members with a UHPC layer proves 
effective in enhancing blast resistance. The UHPC retrofitting 
layer thickness has the most significant impact on strengthening 
blast performance. Among the retrofitting strategies, both U- 
shape retrofitting and a hybrid approach, involving retrofitting 
on the tension side over the span and full retrofitting in the 
middle hinge region, demonstrate optimal performance in miti
gating structural damage under blast loads.  

11) The closed or patented nature of formulas and mixing methods of 
UHPC hinders its further development and optimisation. Mean
while, the non-uniformity in UHPC compositions leads to notable 
variations in mechanical properties, contributing to disparities in 
the blast-resistant performance. Therefore, the open-recipe UHPC 
as proposed by El-Tawil et al. [153] deserves promotion, as its 
open development will encourage future innovations, signifi
cantly reduce the cost of raw materials and contribute to wide
spread applications in protective structures as well as other fields. 

In recent years, there has been a prosperous advancement in material 
science, leading to the emergence of geopolymer as a promising binder. 
Geopolymers, typically synthesised using slag, fly ash and other alumi
nosilicate materials, offer an promising alternative to Portland cement, 
providing potential cost-effectiveness and sustainability while main
taining high mechanical properties. Although some studies have 
explored the dynamic response of geopolymer-based UHPC (G-UHPC) to 
blast loads, more research is needed for a comprehensive understanding 
of its properties before wider applications, especially for blast resistance 
design. Future research might focus on investigating the mechanical 
behaviour of G-UHPC under complex stress states and dynamic loading 
conditions to improve the comprehension of this material. Additionally, 
experimental investigations are essential to explore the performance of 
G-UHPC structural members under various blast scenarios. Com
plementing physical tests, numerical models using both homogeneous 
and heterogeneous approaches can offer valuable insights into the 
response of G-UHPC structural members to blast loads. Before that, the 
establishment of an accurate concrete constitutive model specifically 
tailored to accommodate the dynamic characteristics of G-UHPC is a 
prerequisite for advancing the numerical simulations. 

3D printing technology is in the future to play a pivotal role in the 
future blast design of UHPC structural members. By harnessing 3D 
printing techniques, intricate and complex geometries can be created, 
tailoring UHPC structural members to withstand specific blast loading 
conditions. Custom-designed components using 3D printing enable 
optimising structural integrity and blast resistance, resulting in 
enhanced safety and performance. Moreover, 3D printing techniques 
enable the ideal incorporation of advanced materials, such as fibers or 
nanomaterials, into UHPC structural members, further augmenting their 
blast-resistant properties with superior strength, ductility and energy 
absorption capacity. The 3D printing technology also facilitates rapid 
prototyping and iterative design processes, enabling efficient testing and 
refining of various UHPC structural member configurations for blast 
resistance. 

Machine learning is a promising and powerful tool for analysing the 
blast behaviour of UHPC structural members. Its key advantage lies in 
handling complex and non-linear relationships between parameters and 
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blast performance outcomes. Additionally, machine learning enables the 
assessment of factors affecting blast resistance, helping prioritise critical 
design considerations for more efficient design processes and improved 
blast-resistant UHPC structures. Machine learning models can be trained 
using experimental and numerical data to learn the behavior of UHPC 
structural members under different blast scenarios. These models can 
then predict the blast resistance of various UHPC configurations, opti
mising design parameters for enhanced performance and safety. 
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Appendix  

Table 1 
Summary of investigations on UHPC slabs under blast loads  

Refs. fc (MPa) Methods Blast scenarios Investigated parameters Indexes 

[101] 164.2 Experimental (FB) Hexoline; Surface burst; Far-field Concrete type Mid-span deflection 
Blast scaled distance, Z Damage mode and crack 

distribution 
[102,154] 170–190 Experimental (FB) TNT; Air burst; Far-field Effectiveness of tensile longitudinal reinforcement 

Effectiveness of steel fibres 
Mid-span deflection 

Numerical 
(CONWEP) 

Damage mode and crack 
distribution 

[103] 158 Numerical 
(CONWEP) 

TNT; Air burst; Medium- and far- 
field 

Slab thickness 
Blast scaled distance, Z 
Tensile longitudinal reinforcement ratio 

Mid-span deflection 
Damage mode 

[104,110] 151.6 Experimental (FB) 
Numerical 
(CONWEP) 

Composition B; Free-air burst; 
Medium-field 

Effectiveness of tensile longitudinal reinforcement Mid-span deflection 
Damage mode and crack 
distribution 
Energy absorption 

[62] 128.9 Experimental (FB) Composition B; Free-air burst; 
Medium- and far-field 

Concrete type 
Blast scaled distance, Z 
Tensile longitudinal reinforcement strength and 
ratio 

Mid-span deflection 
Numerical 
(CONWEP) 

Damage mode and crack 
distribution 

[105] 128.9 Numerical 
(CONWEP) 

TNT; Free-air burst; Medium- and 
far-field 

Concrete type Mid-span deflection 
Blast scaled distance, Z 
Tensile longitudinal reinforcement ratio 

[54,155] 125.3 Experimental (FB) TNT; Free-air burst; Medium-field Concrete type Mid-span deflection 
Slab vibration 
Damage mode and crack 
distribution 

Numerical 
(CONWEP) 

Blast scaled distance, Z 

[87] 201 Experimental (BS) Free-air burst; Far-field Magnitude of impulse load 
Tensile strength of UHPC 
Dissipated energy density 

Mid-span deflection 
Numerical (ITI) Critical impulse for slab 

fracture 
[106] 125.8–129.5 Experimental (FB) TNT; Free-air burst; Near-field Concrete type Mid-span deflection 

Numerical 
(CONWEP) 

Steel fibre length and content Damage mode and crack 
distribution 

[107,156] 202.9 Experimental (FB) ANFO; Free-air burst; Medium-field Concrete type Mid-span deflection 
Damage mode and crack 
distribution 
Steel rebar and concrete 
strain 
Slab vibration 

Numerical 
(CONWEP) 

Effectiveness of tensile longitudinal reinforcement 
Effectiveness of steel fibres 

[108] 170–200 Experimental (FB) PE4; Free-air burst; Medium-field Blast scaled distance, Z 1/4 span deflection 

(continued on next page) 

J. Liu et al.                                                                                                                                                                                                                                       

mailto:chengqing.wu@uts.edu.au
mailto:chengqing.wu@uts.edu.au


Cement and Concrete Composites 148 (2024) 105449

23

Table 1 (continued ) 

Refs. fc (MPa) Methods Blast scenarios Investigated parameters Indexes 

Numerical 
(CONWEP) 

Steel fibre length and content Damage mode and crack 
distribution 

[109] 175 Theoretical (FD) Composition B; Free-air burst; 
Medium-field 

Slab span and thickness P-I diagram 

[78] 100–200 Theoretical 
(SDOF) 

TNT; Free-air burst; Near-, medium- 
and far-field 

Slab span and thickness P-I diagram 
Tensile longitudinal reinforcement ratio 
Uniaxial compressive strength of UHPC 
Boundary condition 
Load level 

[71,110, 
113,157] 

145 Experimental (FB) TNT; Free-air burst; Contact Concrete type 
Tensile longitudinal reinforcement ratio 
TNT charge weight 
Slab thickness 

Damage mode and crack 
distribution 
Steel rebar strain 
Concrete debris 
distribution model 
Localised damage degree 
model 

Numerical (SPH) 
Numerical (ALE) 

[112] 180 Experimental (FB) TNT; Free-air burst; Contact TNT charge weight Damage mode and crack 
distribution Numerical (ALE) Slab thickness 

[114] 90–104 Experimental (FB) TNT; Free-air burst; Contact Concrete type 
Effectiveness of steel fibres 
Fibre type 
TNT charge weight 
Slab thickness 

Damage mode and crack 
distribution 

Numerical (ALE) Localised damage degree 
model   

Table 2 
Summary of investigations on UHPC beams under blast loads  

Refs. fc (MPa) Methods Blast scenarios Investigated parameters Indexes 

[83] 121 Experimental (FB) TNT; Free-air burst; Near-field Concrete type 
Tensile longitudinal reinforcement type and ratio 
Effectiveness of transverse reinforcement 
Effectiveness of compressive reinforcement 

Mid-span deflection 
Damage mode and crack distribution 
Energy absorption 
Axial stress at mid-span 
Reaction force 

Numerical (ALE) 

[88] 115–156 Experimental (ST) Free-air burst; Far-field Concrete type 
Steel fibre type and content 
Tensile longitudinal reinforcement strength and ratio 
Effectiveness of transverse reinforcement 

Mid-span deflection 
Damage mode and crack distribution 
Maximum support rotation 

Theoretical (SDOF) 

[115] 116.1 Machine-learning Free-air burst; Far-field Concrete type Mid-span deflection 
Tensile longitudinal reinforcement strength 
Steel fibre length and content   

Table 3 
Summary of investigations on UHPC columns under blast loads  

Refs. fc (MPa) Methods Blast scenarios Major investigated parameters Indexes 

[82, 
158] 

148 Experimental (FB) Emulsion; Free-air burst; Medium- and far- 
field 

Concrete type 
Blast scaled distance, Z 
Compressive axial load 

Mid-height deflection 
Numerical 
(CONWEP) 

Damage mode and crack 
distribution 

[117] 144.7–165.4 Experimental (ST) Free-air burst; Far-field Concrete type 
Steel fibre content 
Transverse reinforcement spacing 

Mid-height deflection 
Damage mode and crack 
distribution 
Steel rebar strain 
Support rotation 
Blast fragment 

Theoretical (SDOF) 

[118] 164.1 Numerical (ITI) Free-air burst; Far-field Concrete type 
Boundary condition 
Compressive axial load level 

Mid-height deflection 
P-I diagram Theoretical (SDOF) 

[86] 128–165 Experimental (ST) Free-air burst; Far-field Concrete type 
Steel fibre type and content 
Tensile longitudinal reinforcement 
ratio 
Transverse reinforcement spacing 

Mid-height deflection 
Damage mode and crack 
distribution 

Theoretical (SDOF) 

[116] 130–148 Experimental (FB) Emulsion; Free-air burst; Medium-field Steel fibre type 
Blast scaled distance, Z 
Compressive axial load level 

Damage mode and crack 
distribution 
Residual loading capacity 
P-I diagram 

[120] 127–160 Numerical 
(CONWEP) 

TNT; Free-air burst; Medium-field Cross-sectional dimensions 
Uniaxial compressive strength of 
UHPC 

Damage mode and crack 
distribution 

(continued on next page) 
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Table 3 (continued ) 

Refs. fc (MPa) Methods Blast scenarios Major investigated parameters Indexes 

Tensile longitudinal reinforcement 
ratio 
Column height 

Residual loading capacity 
P-I diagram 

[121] 90–210 Theoretical (SDOF) TNT; Free-air burst; Medium-field Slenderness ratio 
Cross-sectional dimensions 
Tensile longitudinal reinforcement 
ratio 
Uniaxial compressive strength of 
UHPC 
Compressive axial load level 

P-I diagram  
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