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A B S T R A C T   

Boiling Liquid Expanding Vapour Explosion (BLEVE) in open space has been investigated in the authors’ previous 
study. However, for designing structures against BLEVE event, BLEVE load acting on structures, instead of the 
pressure in open space, should be used in the structural response analysis. Therefore, further study is required to 
accurately predict BLEVE loads on structures. In this study, 1300 sets of BLEVE cases consisting of 650 wave 
propagation in open space and 650 pressure wave-structure interaction cases are numerically modelled. The 
open space BLEVE pressure and reflected pressure waves from the rigid structure are simulated, and the cor-
responding impulses are calculated. The reflection coefficient chart is developed to predict the reflected BLEVE 
overpressure on the rigid structure. The diffraction and clearing effects on the reflected waves are analysed with 
respect to the dimensions of the structure. An empirical formula for predicting the reflected impulse is also 
proposed. The results obtained in this study can be used together with the open space BLEVE pressure predictions 
presented by the authors in a previous study to predict the BLEVE loads on structures.   

1. Introduction 

Structures exposed to explosions need to be designed for personnel 
and structure protection. Without proper protective design, a structure 
might suffer catastrophic damage under explosion loads. For effective 
and economic structure design, accurate prediction of blast loads is 
essential, but the loading prediction is not straightforward in practice. 
To obtain accurate blast loads on structures, the factors such as explosive 
type, weight and shape of explosive, location between explosive and 
structure, and the interaction of blast wave with structure and ground 
need to be considered. These factors determine the amplitude and dis-
tribution of blast loads (Hao et al., 2016). 

The prediction of blast loads on structures from high explosive det-
onations has been intensively investigated. The empirical formulae and 
charts for blast load predictions have been provided in the design 
manuals, such as the Unified Facilities Criteria UFC-3–340–02 (UFC, 
2008). Besides high explosive detonations, accidental gas explosions, 
such as Vapour Cloud Explosions (VCEs) and Boiling Liquid Expanding 
Vapour Explosions (BLEVEs), have been occurring around the world and 
caused significant loss of life and damage to the economy. Various 
civilian structures (e.g., buildings, bridges, tunnels and highways) and 

onshore/offshore facilities might be subjected to BLEVE loads induced 
by LPG or LNG, which could occur during transportation, processing and 
storage and cause damages to structures (Bariha et al., 2017; Li and Hao, 
2021). One of the devastating BLEVE events was the 2018 accident in 
Bologna, Italy, where a traffic accident involving an LPG truck on a 
highway bridge led to a BLEVE, which caused at least 3 deaths, 67 in-
juries, and the partial collapse of the bridge (CNN-news, 2018). In 2005, 
multiple BLEVEs occurred at the Texas City Refinery (i.e., onshore/off-
shore facility) due to the overfilling of an isobutene sphere tank, which 
led to explosions in a tank farm. The main cause of the accident was the 
failure of a pressure control valve and a high-level alarm defector, 
resulting in severe damage to the refinery and surrounding areas. This 
accident resulted in 15 fatalities, over 180 injuries, and millions of 
dollars in losses, with the entire isomerization process unit being out of 
operation for more than two years (CSB, 2008). Such explosions can also 
generate debris, which can pose a significant risk to individuals and 
properties in the vicinity. Hence, it is essential to accurately predict the 
blast loads generated by BLEVE for effective structural designs to resist 
such loads. 

BLEVEs occur when the pressurized tank ruptures suddenly and the 
internal liquid temperature exceeds its boiling point. Based on the 
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failure conditions (i.e., failure temperature and pressure), BLEVEs can 
be classified into “non-superheated” and “superheated”. A temperature 
limit, named ‘superheat limit temperature (SLT)’, is defined as the 
temperature exceeding the normal boiling point of liquid at atmospheric 
pressure without boiling and cannot make the liquid superheated (CCPS, 
2011; Ustolin et al., 2022). Non-superheated BLEVEs occur when the 
failure temperature is between the ambient boiling point and SLT. Only 
vapour expansion is taken into account in the energy calculation. Su-
perheated BLEVEs occur when the failure temperature is higher than 
SLT. At the initial stage, the bubble nuclei are very small and thus more 
superheat is required to grow the bubble nuclei (CCPS, 2011). When the 
liquid temperature is significantly higher than SLT under ambient 
pressure, homogeneous nucleation and evaporation can occur rapidly. 
Heat resulting from the liquid is used for nucleation and vaporization. 
During this process, a very violent phase transition occurs (i.e., the 
liquid phase instantly changes to the vapour phase). That is, the energy 
from liquid flashing also contributes to the formation of the blast waves 
along with the vapour expansion energy (CCPS, 2011; Eckhoff, 2014). 

Compared to high explosive detonations with the same released 
energy, gas explosions usually generate lower peak overpressure, slower 
pressure rising, longer duration and higher impulse (Hao et al., 2016). 
Therefore, the design against gas explosions such as BLEVE differs from 
that against TNT explosions. Energy equivalence methods and numeri-
cal simulations based on Computational Fluid Dynamics (CFD) model-
ling have been used to predict BLEVE loads. Energy equivalence 
methods use theoretical-based empirical models derived from various 
thermodynamics assumptions and energy laws. Using equivalent high 
explosives to predict gas explosions, such as BLEVEs, could result in an 
inaccurate prediction of loading profile (Wang et al., 2022a). For 
example, the loading duration predicted by using the TNT-equivalence 
method is very short and much smaller than the vibration period of 
the structure and structural components, while the actual BLEVE loading 
duration is in an order of tens of milliseconds, which could be compa-
rable to the vibration period of structural components such as columns, 
hence using blast load predicted by TNT-equivalence method may lead 
to inaccurate predictions of structural responses induced by BLEVE 
loads. CFD numerical simulations can more accurately predict the loads, 
and the reliable BLEVE prediction models have been developed by 
Hansen and Kjellander (2016), Hutama (2017) and Li and Hao (2020). 

Based on the CFD numerical simulations, Li et al. (2021) and Wang 
et al. (2022b) developed the fast Artificial Neural Network (ANN) model 
and easy-to-use empirical models for the BLEVEs occurred in open 
space. The ANN method is a data-driven computation model that learns 
from training data. A properly trained ANN model can reduce human 
errors and perform high-speed calculations, achieving a balance of 
prediction accuracy and efficiency. However, the available data for 
training the network is limited, which can result in overfitting or 
underfitting of the model, leading to inaccurate predictions or poor 
generalization to new cases. Meanwhile, the accuracy of the ANN model 
heavily relies on the quality of training data mainly calculated from the 
empirical or CFD models as actual testing data are very limited, which 
inherit their weaknesses. Additionally, the ANN functions cannot be 
directly used like empirical models. As a result, the authors further 
proposed empirical models for BLEVE pressure prediction in open space 
(Wang et al., 2022b), enabling engineers to make predictions more 
easily. Empirical formulae and charts on pressure-time profiles are 
derived for two types of medium-to-large-scaled BLEVEs (i.e., 
non-superheated and superheated) in open space, including positive and 
negative side-on peak overpressure, positive and negative duration, 
arrival time, positive and negative peak pressure rise time and impulse 
(Wang et al., 2022b). For structural design, the blast load acting on 
structures, which is different to the pressure in open space, should be 
used. BLEVE load on structures is more complicated than that in open 
space due to the interaction between the blast wave and structures, 
which is affected by the blast wave velocity, angle of incidence, struc-
tural dimensions and stiffness, etc. It should be noted that the size of the 

structure significantly affects the diffraction and pressure relief of blast 
waves. When the dimension of structure is small, a portion of blast 
waves are diffracted from the side and top walls, increasing the blast 
wave intensity behind the structure. When the structure is large, the 
diffracted pressure wave is insignificant, and blast waves are completely 
reflected. The blast wave’s intensity at the structure’s rear wall is greatly 
attenuated by weak diffraction (Shi et al., 2007). 

By extending the authors’ previous work in open space (Wang et al., 
2022a), this study predicts the BLEVE loads on a rigid structure, in 
particular the pressure profile at the centre point in front of the struc-
ture, which can be used to better analysis of structural responses to 
BLEVE load. To simplify the analysis, the structure in this study is 
assumed as rigid. Based on the 1300 sets of BLEVE cases consisting of 
650 in open space and 650 wave-structure interaction cases, BLEVE 
reflection coefficient chart and empirical formula for reflected impulse 
are developed to predict blast loads on a rigid structure. Additionally, 
the BLEVE wave interactions with structures of different dimensions are 
also discussed to reveal the pressure relief at the free edges of the 
structure, including the wave diffraction and clearing effect on reflected 
overpressure. An example is provided to illustrate how to predict the 
reflected overpressure and impulse on a rigid structure in combination 
with the authors’ previous study in predicting BLEVE pressure in open 
space. 

2. Numerical modelling 

To predict BLEVE loading on a rigid structure, the numerical 
modelling needs be employed since the empirical method cannot pro-
vide accurate prediction as mentioned above. Numerical models are 
used to accurately predict the BLEVE generation, wave propagation and 
interaction with structures to obtain the reflected overpressure on the 
structure. Commercial software such as ANSYS Fluent and StarCD can 
simulate the wave propagation and interaction with structure, but they 
are unable to model the generation of BLEVE. FLACS is thus used in this 
study as it can simulate the generation of BLEVE, the propagation of 
waves, and the interaction with structures. 

2.1. Validation of CFD models 

FLACS is a commonly used CFD commercial software to predict 
BLEVE. For condensed explosives modelling and blast wave propaga-
tion, FLACS-Blast module is employed to compute via Euler euqations, 

Table 1 
Details of large-scale BLEVE experiments (Balke et al., 1999; Johnson and 
Pritchard, 1990; Betteridge and Phillips, 2015).  

Experiments Fluid Pi 

[bar] 
Status Liquid 

ratio 
[%] 

V [m3] r [m] 

BAM (Balke 
et al., 
1999) 

Propane 25 Superheated 22 45.36 100/ 
150 

Johnson and 
Pritchard 
(1990) 

Propane 15 Non- 
superheated 

80 5.659 150 

Butane 14.6 Non- 
superheated 

75 5.659 25 

Butane 15.1 Non- 
superheated 

76 5.659 25/ 
50 

Butane 15.1 Non- 
superheated 

40 10.796 25/ 
50 

Butane 15.2 Non- 
superheated 

38/76 5.659 25/ 
50 

Betteridge 
and 
Phillips 
(2015) 

LNG 13.01 Non- 
superheated 

37 5.055 40/ 
70/ 
100 

Note: failure pressure (Pi), BLEVE tank volume (V), and distance between the 
BLEVE and target (r) 
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flux-corrected transport (FCT) scheme and a second-order flux correc-
tion (Gexcon, 2022). Large-scale experiments are used to calibrate the 
numerical model, including BAM’s tests in Germany (Balke et al., 1999), 
Johnson and Pritchard’s experiments (Johnson and Pritchard, 1990) 
and Betteridge and Phillips’ experiments (Betteridge and Phillips, 2015) 
from the literature. The experimental details are shown in Table 1, 

including the pressurized liquid, failure pressure (Pi), failure status, 
liquid ratio, BLEVE tank volume (V) and the distance between the 
BLEVE and target (r). Numerical simulations of BLEVEs for both 
“non-superheated” and “superheated” cases are validated. In terms of 
non-superheated BLEVE, only vapour expansion provides the energy to 
generate the first blast wave. If the internal liquid of BLEVE is in the 

Fig. 1. Pseudo-source simulation: (a) Modelling in FLACS; (b) Pressure time history of monitor point inside the pseudo-source.  

Fig. 2. Large-scale BLEVE experiments: (a) BAM’s test (Balke et al., 1999); (b) 3D model in FLACS.  

Fig. 3. Pressure time history (numerical results vs experimental data): (a) BAM’s experiment (Balke et al., 1999); (b) Johnson’s experiment (Johnson and Pritch-
ard, 1990). 

Y. Wang et al.                                                                                                                                                                                                                                   



Process Safety and Environmental Protection 175 (2023) 1–16

4

superheated status, liquid flashing energy and vapour expansion energy 
should be considered together for blast wave generation. However, it is 
unable to model two high-pressure regions (i.e., vapour and liquid 
phase) in FLACS since it can define only one high-pressure region (Li and 
Hao, 2020). To accurately simulate BLEVEs under “superheated” status 
in FLACS, the liquid correction method (Li and Hao, 2020) is applied to 
calculate the final failure pressure of BLEVE. This method introduces a 
pseudo-source in the FLACS modelling to simulate the second 
high-pressure region (i.e., liquid phase). Fig. 1(a) presents the 
pseudo-source and high-pressure regions of BAM tests, which are fully 
confined by the panels. When the stable pressure is equal to 20% of tank 
failure pressure (i.e., 5 bar), the corresponding initial pressure of 
pseudo-source (i.e., 10 bar) is the BLEVE rupture pressure contributed 
by flashing liquid (Li and Hao, 2020), as shown in Fig. 1(b). Therefore, 
the total failure pressure of BAM tests is 35 bar in FLACS simulations. 
The monitoring points are arranged at the same location as the experi-
mental setup to compare the experimental data and numerical results, as 
shown in Fig. 2. In numerical simulations, “PLANE_WAVE” boundary 
conditions are applied to eliminate the reflection. A uniform grid of 0.2 
m is used in the core domain, as this grid size can achieve the balance 
between accuracy and efficiency (Li and Hao, 2020; Li et al., 2021). Grid 
size outside the core domain is gradually stretched by a factor of 1.1 to 
speed up the simulations. 

The accuracy of using FLACS in predicting the BLEVE pressure-time 
profile is illustrated in Fig. 3. BAM’s experiment and one of Johnson’s 
experiments (Pi = 15 bar) are used for verifications of BLEVE pressure 
predictions in “superheated” and “non-superheated” conditions, 
respectively. As shown, the peak overpressure can be well predicted by 
FLACS. FLACS overestimates the peak overpressure of BAM by less than 
30%. It is worth mentioning that there are multiple oscillating pressure 
spikes in simulations because the grid cells are stretched to balance the 
computational accuracy and efficiency due to the large-scale BLEVEs (Li 
and Hao, 2020). 

Multiple performance metrics are used to qualitatively evaluate the 
performance of FLACS simulations, and each metric has its strength and 

weakness. Five performance metrics include the geometric mean bias 
(MG), geometric variance (VG), prediction fraction within a factor of 
two observations (FAC2), fractional bias (FB) and normalized mean 
square error (NMSE) (Gexcon, 2022). The bias between the results of 
FLACS simulations (Xp) and experimental data (Xo) can be determined 
by these metrics, which are defined by Eqs. (1) to (5). As specified in the 
FLACS-CFD user’s manual (Gexcon, 2022), at least 50% of predicted 
data should be within the range of FAC2 (i.e., FAC2 > 50%), and the bias 
(FB & MG) requires − 0.67 < FB < 0.67 or 0.5 < MG < 2.0, and random 
scatter (NMSE & VG) should have a value of NMSE < 1.5 or VG < 4. The 
five-performance metrics of these data are given in Table 2, indicating 
all numerical results are within the acceptable range. 

Additionally, the scatter and parabola plots are shown in Fig. 4, 
indicating the number of predicted data falling into the “Excellent” re-
gion. The scatter plot depicts the excellent deviation range and FAC2 
region, indicating the majority of the numerical results have a deviation 
of less than 30% from the experimental data, and 100% of the predicted 
results fall into the range of FAC2. Meanwhile, the parabola plot further 
presents the predictive performance of numerical simulations through 
systemic overprediction or underprediction (i.e., MG) and scatter of the 
numerical results (i.e., VG). As shown, most numerical results fall into 
the “Excellent” region, and all the data are within the “Acceptable” re-
gion. Thus, FLACS can accurately predict the peak overpressure result-
ing from large-scale BLEVEs. 

MG = exp
[

ln
(

Xp

Xo

)]

(1)  

VG = exp

[

ln
(

Xp

Xo

)2
]

(2)  

FAC2 = the fraction of data where 0.5 ≤
XP

Xo
≤ 2.0 (3)  

FB =
XP − Xo

0.5(XP + Xo)
(4)  

NMSE =
(XP − Xo)

2

XPXo
(5) 

This study focuses on the BLEVE wave reflected on a rigid structure. 
Hence, the accuracy of blast wave interaction with a structure should be 
validated. Since no available BLEVE experiment was conducted in 
obstructed environments, the reflected and diffracted BLEVE waves 

Table 2 
Performance metrics of numerical results for large-scale BLEVE experiments.  

Performance metrics MG VG FAC2 FB NMSE 

Value 0.61 – 1.44 1.00 – 1.29 100% 0.11 0.03 

Note: Geometric mean bias (MG), geometric variance (VG), prediction fraction 
within a factor of two observations (FAC2), fractional bias (FB) and normalized 
mean square error (NMSE) 

Fig. 4. Comparison of numerical results and experimental data in (a) scatter plot and (b) parabola plot.  
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cannot be directly compared with experimental data. However, the ac-
curacy of FLACS in predicting the interaction of blast waves with 
structures has been demonstrated in previous studies. For instance, Li 
and Hao (2019) measured the overpressure of vented gas explosions 
between two tanks in a tank group. The interaction of blast waves and 
the cylindrical obstacle was simulated to predict the reflected over-
pressure on the front and rear surfaces of the tank. Numerical simula-
tions achieved reasonable accuracy in predicting overpressure between 
structure walls as compared to the experimental data, indicating FLACS 
can model the reflected blast waves well. Liu et al. (2020) performed 
full-scale gas explosion experiments in an urban regulator station (i.e., 
vented confined space), and pressure sensors were located outside the 
door and windows. In addition, the numerical simulation was conducted 
using FLACS, and the predicted peak overpressure agrees well with the 
experimental results, proving that FLACS can well capture the wave 
diffraction. Therefore, the characteristic of blast wave and structure 
interaction can be well simulated in FLACS. 

The grid sensitivity analysis of BLEVE loads on a rigid structure using 
different grid sizes (i.e., 0.4 m, 0.2 m and 0.1 m) is shown in Fig. 5. A 
grid size of 0.2 m is the optimal one for achieving a balance of accuracy 
and computational efficiency. Meanwhile, this grid size is consistent 
with the authors’ previous study (i.e., BLEVE in open space), enabling 
the same grid setup to be applied in the simulation of BLEVE wave 
propagation in open space and interaction with a rigid structure. 

2.2. CFD simulation 

After demonstrating the accuracy of FLACS in predicting BLEVE 
pressures in free air and the pressure wave interaction with structures, 
the pressure waves from BLEVEs of different conditions in free air and 
their interactions with a rigid structure of different dimensions are 
simulated. BLEVE is a complex physical explosion, and many critical 
parameters affect the BLEVE overpressure and wave propagation, 
including tank failure pressure, failure temperature, liquid ratio, tank 
dimensions (i.e., length, width and height) and stand-off distance (Wang 
et al., 2022b). In this study, 1300 BLEVE cases are simulated, and the 
simulations are carried out by randomly and uniformly sampling the 
respective BLEVE parameters. The BLEVE parameters are defined within 
the practical ranges, as shown in Table 3. BLEVE simulations in open 
space are carried out first, following the same settings as Li et al. (2021). 
This study focuses on LPG-induced BLEVEs. Hence, butane and propane 
are selected as pressurised liquids. BLEVE tank failure conditions are 
essential to determine the internal liquid status and the BLEVE energy. 
To consider “non-superheated” and “superheated” BLEVEs, the failure 
pressure is defined from minimum experimental pressure (i.e., 5 bar) to 
critical pressure of the pressurised liquid, and the failure temperature is 
defined up to its critical temperature. The simulations simplify the 
BLEVE tank as rectangular to minimise the mass residual issue, since 
FLACS uses the block control volume as the grid meshing (Gexcon, 
2022). Based on the European manufacturing standard of LPG tanks, the 
volume of BLEVE is sampled from 10 m3 to 90 m3 (Kadatec, 2017). 
When the propagating BLEVE pressure wave arrives at a rigid rectan-
gular structure, the interaction of the pressure wave with the structure 
causes wave reflection and diffraction depending on the wave ampli-
tude, velocity and duration, as well as the structural dimension, geom-
etry and stiffness. As stated above in this study, the structure is assumed 
as rectangular and rigid, only the dimension is changed. The smallest 
structural size is 3 m in width, 3 m in height and 0.4 m in thickness, 
while the largest dimension is 18 m in width, 18 m in height and 3 m in 
thickness. Usually the maximum reflected overpressure occurs when the 
blast wave incident angle is perpendicular to the surface of the structure 
and the minimum when the blast wave incident angle is parallel to the 
surface of a structure, but this is not necessarily true for shock waves 
owing to Mach effect and is also incident pressure wave amplitude 
dependent as indicated in UFC-3–340–02 (UFC, 2008). In this study, the 
angle of incidence (α) between the BLEVE centre and structure centre is 
varied from 0◦ to 90◦ to investigate the incident angle effect on BLEVE 
pressure wave reflection. To prevent the smearing of the BLEVE waves, a 
uniform grid of 0.2 m is applied in the region containing BLEVE sources 
and the rigid structure. (Fig. 6) 
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Fig. 5. Grid sensitivity study of BLEVE loads on a rigid structure.  

Table 3 
Variables of BLEVE simulation (Li et al., 2021).  

Variable Butane Propane 

Tank failure pressure, Pi (bar) 5 – 37 5 – 42 
Liquid temperature, Tl (◦C) 1 – 152 1 – 96 
Vapour temperature, Tv (◦C) 1 – 304 1 – 192 
Liquid status at failure Non-superheated or 

superheated 
Liquid fill level, LFL (%) 10 – 90 
Tank width, Wtank (m) 0.2 – 3 
Tank length, Ltank (m) 0.2 – 10 
Tank height, Htank (m) 0.2 – 3 
Structure width, Wstr (m) 3 – 18 
Structure thickness, Lstr (m) 0.4 – 3 
Structure height, Hstr (m) 3 – 18 
Distance between structure centre and BLEVE centre (m) 0 – 20 
BLEVE height above ground, HBLEVE (m) 0 – 2 
Angle of incidence, α (degree) 0 – 90  

Fig. 6. Schematic diagram of numerical model.  
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3. Blast wave-structure interaction 

With the validated CFD models, the interaction between blast waves 
and a rigid structure is investigated. The interaction is complicated 
when blast waves act on a finite-size structure due to wave reflection and 
diffraction. Fig. 7 shows a schematic diagram of the BLEVE wave 
interaction with a rigid rectangular structure on the front and rear 
surfaces from the side and top views. When BLEVE occurs, blast waves 
propagate outward from the explosion centre, as shown in Fig. 7(a). A 
reflected wave is formed immediately when the incident wave reaches 
the target surface. Although a portion of the incident wave is reflected 
from the target surface, the remaining unblocked incident waves travel 
along the surface edge, causing a diffraction phenomenon around the 
free edge. Diffraction generates rarefaction waves, resulting in the 
pressure imbalance between low-pressure rarefaction waves and high- 

pressure reflected waves. As the pressure eventually reaches equilib-
rium, air begins to flow from the high-pressure region to the low- 
pressure region (i.e., propagates from boundaries to centre) (Rickman 
and Murrell, 2007; Rigby et al., 2012; Tyas et al., 2011). Fig. 7(b) il-
lustrates the pressure flow on the structure’s top and two side walls 
during the blast wave propagation. Subsequently, diffracted waves 
travel along the free edges to the rear surface. BLEVE waves envelop the 
structure after the diffracted wavefront reaches the rear surface of the 
structure and forms a pair of vortexes around the free edge, as shown in 
Fig. 7(c). After the diffraction process completes, the blast waves bypass 
the structure and continue to travel as shown in Fig. 7(d) (ASCE, 2010; 
Green-Book, 1992). In fact, the reflected wave can deform a non-rigid 
structure, affecting the reflected peak overpressure and impulse (Shi 
et al., 2007). However, a rigid structure is assumed in this study, and 
thus there is no structural deformation. The reflection and diffraction of 

Fig. 7. Schematic top view and side view of BLEVE wave interaction with a rigid structure (ASCE, 2010; Green-Book, 1992): (a) Incident waves at the front surface; 
(b) Reflected and diffracted waves at the front surface; (c) Diffracted waves at the rear surface; (d) Diffraction complete at the rear surface. 
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BLEVE waves on rigid structures with different dimensions are discussed 
in the following sections. 

4. Reflected overpressure of BLEVE pressure wave 

The phenomenon of BLEVE wave-structure interaction is presented 
in Section 3. Since the reflected overpressure is the blast load on the 
structure, this section presents the BLEVE reflected overpressure and the 
reflection coefficient chart at the centre point of the front wall. 

4.1. Reflected overpressure profile 

An explosion is defined as a sudden growth in volume and release of 
energy during a short period, resulting in pressure wave propagation 
(Ngo et al., 2007). The typical pressure-time profiles of high explosion 
and BLEVE are shown in Fig. 8. Seven essential parameters to determine 
the pressure-time profile include arrival time (ta), positive and negative 
peak pressure (P+

s &P−
s ), positive and negative peak pressure rise time 

(t+p &t−p ) and positive and negative duration (t+d &t−d ). BLEVEs generate a 
much lower pressure rise rate than high explosive detonations, indi-
cating a less significant loading rate on structure. Meanwhile, BLEVE 
pressure wave has a longer positive duration than that of high explosive 

Fig. 8. Typical overpressure-time profiles: (a) TNT explosion; (b) BLEVE. Note: ambient pressure (Po), positive peak overpressure (P+
s ), negative peak overpressure 

(P−
s ), arrival time (ta), positive duration (t+d ), negative duration (t−d ), positive peak pressure rise time (t+p ) and negative peak pressure rise time (t−p ). 

Fig. 9. BLEVE pressure-time profile (Ps: incident peak overpressure & Pr: re-
flected peak overpressure). 

Fig. 10. BLEVE pressure wave propagation: (a) in open space; (b) interaction with a rigid structure.  

Y. Wang et al.                                                                                                                                                                                                                                   
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detonations. For example, the positive pressure duration of a typical 
TNT explosion is usually in an order of a few milliseconds, e.g., about 
5.98 ms for a 1-tonne TNT explosion at a stand-off distance of 13.1 m 
(Xu et al., 2021). On the contrary, a BLEVE pressure wave has a rela-
tively long duration. For instance, the duration generated by BLEVE 
from a 2 m3 tank with a 51% liquid ratio is approximately 25 ms at 
stand-off distance 20 m (Birk et al., 2007). Longer duration usually leads 
to higher impulse. Therefore, proper modelling of the BLEVE pressure 

waves is essential for accurately defining the BLEVE loads on structures. 
When a BLEVE occurs in front of a rigid structure, the propagating 

pressure wave interacts with the structure and generates blast load on 
the structure. Due to the interaction between the BLEVE waves and the 
structure, a portion of the blast waves is reflected from the front surface. 
The superposition of the reflected overpressure and incident over-
pressure intensifies the blast overpressure. As compared with BLEVE 
overpressure in open space, both positive and negative peak over-

Fig. 11. BLEVE reflection coefficient for positive overpressure (Cr) charts: (a) 0bar < P+
s ≤ 0.15bar; (b) 0.15bar < P+

s ≤ 0.25bar; (c) 0.25bar < P+
s ≤ 0.4bar; (d) 

0.4bar < P+
s ≤ 0.5bar; (e) 0.5bar < P+

s ≤ 1bar. 
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pressures of BLEVE on a rigid structure are amplified while other 
essential parameters (ta, t+d , t−d , t+p & t−p ) are less affected, as shown in  
Fig. 9. The reflected overpressure in the CFD model is shown in Fig. 10 
when the BLEVE wave propagates to a rigid structure. The relationship 
between reflected overpressure and incident overpressure (i.e., reflec-
tion coefficient) is affected by explosive conditions (e.g., type and 
weight), stand-off distance, location between charge and structure, 
structure configuration (e.g., geometry and dimension), the interaction 
of blast wave with structure and ground, etc. (Karlos and Solomos, 
2013). High explosive detonation is a chemical explosion and the inci-
dent overpressure is mainly determined by the stand-off distance and 
charge weight. However, BLEVE is a physical explosion, more factors 
affect the explosion incident overpressure due to the co-existence of 
vapour and liquid in the BLEVE tank. Hence, the explosion conditions of 
BLEVE are more complicated since the tank failure pressure, failure 
temperature, liquid ratio, and tank dimensions (i.e., width, length and 
height) all affect BLEVE pressures. Therefore, the effects of different 
factors on the BLEVE should be considered. That is, explosion scenarios 
with different initial conditions need to be investigated along with 
different incidence angles between the explosive and structure besides 
the equivalent explosion energy, structure configuration and stand-off 
distance. 

4.2. Reflection coefficient (Cr) for positive overpressure (P+
r ) 

As mentioned above, the reflected peak overpressure may be several 
times higher than the incident peak overpressure (Karlos and Solomos, 
2013). The reflected peak overpressure can vary widely based on the 
incident peak overpressure, and the relative angle from the BLEVE 
centre to the structure centre. Incident peak overpressure is mainly 
affected by the stand-off distance between BLEVE and structure as well 
as the BLEVE initial conditions, such as BLEVE failure conditions (i.e., 
failure pressure and temperature), liquid ratio, and tank dimensions (i. 
e., width, length and height). Angle of incidence (α) is another essential 
parameter that has a significant effect on reflection. When the propa-
gation direction of the blast wave is perpendicular to the surface (i.e., 
α = 0◦), the highest reflected overpressure is generated when Mach stem 
is not formed. When the direction of the reflected pressure wave is 
parallel to the surface (i.e., α = 90◦), the reflected pressure is equal to 
the incident pressure. The ratio of the peak reflected overpressure (P+

r ) 
to the incident peak overpressure (P+

s ) is defined as the reflection co-
efficient as expressed in Eq. (6). 

Cr =
P+

r

P+
s

(6) 

A total of 1300 sets of BLEVE cases (i.e., 650 in open space and 650 
pressure wave and rigid structure interaction cases) are used to derive 
the BLEVE reflection coefficients. Fig. 11 shows the BLEVE reflection 
coefficient charts based on different ranges of incident overpressure, 
including 0bar < P+

s ≤ 0.15bar, 0.15bar < P+
s ≤ 0.25bar, 0.25bar <

P+
s ≤ 0.4bar, 0.4bar < P+

s ≤ 0.5bar and 0.5bar < P+
s ≤ 1bar, respec-

tively. The R-square values are over 0.94 for all reflection coefficient 
charts of BLEVE, indicating good fitting results. 

As shown in Fig. 11, the reflection coefficient decreases in general as 
the angle of incidence increases from 0 to 90 degrees. However, the 
reflection coefficient of BLEVE has a very slight increase in the range of 
the angle of incidence from 50◦ to 70◦. Fig. 12 compares the reflection 
coefficient of TNT explosions and BLEVEs. Compared to the BLEVE 
reflection coefficient chart, the reflection coefficient from a TNT ex-
plosion increases rapidly when reaching the critical angle of incidence. 
The sudden increase in reflected overpressure is due to the incident blast 
wave heating the air as it passes through. The reflected waves have a 
faster propagation speed and eventually catch up with the incident blast 
waves (Janney, 2007). At the critical angle of incidence, the reflected 
wave catches up and merges with the incident wave to form a Mach 
stem, which is the transition point from regular to Mach-reflected shock 
waves (Johnson-Yurchak, 2020; Shin et al., 2017). The Mach stem can 
greatly intensify the overpressure (Rigby et al., 2015). 

Fig. 12. Comparison of reflection coefficient for positive overpressure (Cr) charts: (a) BLEVEs (incident overpressure ≤ 1 bar); (b) TNT explosions (UFC, 2008).  

Fig. 13. Correlation between reflected negative peak pressure (P−
r ) and re-

flected positive peak pressure (P+
r ). 
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Mach number is the ratio of local flow velocity to the ambient sound 
speed, which determines whether Mach reflection occurs or not. Given 
the same incident overpressure and angle, the difference in the reflec-
tion coefficient of TNT explosions and BLEVEs is due to the Mach 
number. When the Mach number is higher than 1.46, a strong shock 
wave and Mach reflection (MR) occur, which can be addressed by von 
Neumann’s three-shock theory (Bulat, 2016; Kobayashi et al., 1995). 
When the Mach number is lower than 1.46, the weak blast wave and von 
Neumann reflection (vNR) occur, which can be explained by von Neu-
mann paradox (Karzova et al., 2015; Kobayashi et al., 1995; Kobayashi 
et al., 2000). Since BLEVE has a Mach number between 0.035 and 0.76, 
the weak blast wave and von Neumann reflection occur. It is worth 
mentioning that the incident peak overpressure is up to 345 bar in the 
TNT reflection coefficient chart in UFC-3–340–02, while the BLEVE 
reflection coefficient chart covers the incident peak overpressure up to 
1 bar, which is the typical range of BLEVE pressure. 

4.3. Reflected negative overpressure (P−
r ) 

It is well known that negative overpressure can generate suction 
force and the magnitude of negative pressure from high explosive ex-
plosion is much smaller than the positive overpressure (Karlos and 
Solomos, 2013). Based on the 1300 sets of BLEVE data, it is found that 

the negative and positive reflected peak overpressures show a strong 
linear relationship, as given in Eq. (7). The R-square value is around 0.9, 
as shown in Fig. 13. 

P−
r = − 0.26P+

r − 0.059
(
bar

)
(7)  

4.4. Peak pressure rise time (tp) 

In addition to the reflected peak overpressures, the pressure rise rate 
is another essential parameter to determine the BLEVE pressure-time 
profile, which greatly affects the structural response. To obtain the 
pressure rise rate, the time to reach the peak positive and negative 
overpressures are defined as the peak pressure rise time (t+p & t−p ). It is 
well known that TNT explosion exhibits an almost instantaneous pres-
sure rise, and the BLEVE pressure rises to the peak at a slower rate, 
resulting in very different structural responses because of different 
loading rates. BLEVE pressure rise rate can be calculated as the ratio of 
peak overpressure to rising time (i.e., t+p − ta). As shown in Fig. 14, the 
peak pressure rise times (tp,r) of reflected BLEVE overpressure are very 
similar to the incident ones (tp,i). Although the reflected and incident 
overpressure profiles have almost the same peak pressure rise time, the 
reflected peak pressure rise rates is greater than the incident peak 
pressure rise rate due to the higher values of the reflected peak 

Fig. 14. Correlation between reflected peak pressure rise time (tp,r) and incident peak pressure rise time (tp,i): (a) Positive; (b) Negative.  

Fig. 15. BLEVE wave pressure relief from a rigid structure: (a) CFD model; (b) Schematic diagram.  
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overpressure. 

5. BLEVE pressure relief 

BLEVE reflection has been investigated in Section 4, and pressure 
relief, including wave diffraction, clearing time and reflected impulse, is 
discussed in this section. 

5.1. BLEVE wave diffraction 

The diffraction of blast waves is essential in the phenomenon of 
pressure relief. Pressure relief can significantly reduce the overpressure 
in the positive phase after the peak overpressure, thereby reducing the 
magnitude of the positive impulse in the reflected pressure-time profile. 
The dimension of the structure is a critical parameter in determining the 
amount of relief waves (Rickman and Murrell, 2007). Fig. 15 (a) depicts 
the diffracted blast waves bypassing the free edge on the top and side 
walls in CFD software. Meanwhile, rarefaction waves are formed in front 
of the structure. Fig. 15 (b) provides a schematic diagram showing the 
diffraction of waves around the structure and the formation of rarefac-
tion waves. 

The shortest dimension of a structure is the primary parameter 
dominating the pressure wave relief. Shi et al. (2007) studied the blast 
wave relief on structural columns, and reported that the column width 
greatly affected blast wave diffraction. In this study, without losing the 
generality, the height and the thickness of the rigid structure are fixed at 
5 m and 2 m, respectively; and the width of the structure is varied from 
1 m to 10 m to study the effect of structural dimensions on blast wave 
diffraction and reflected pressure relief, as shown in Fig. 16. Five 
monitoring points (MP) on the structure as shown in Fig. 17 are used to 
record pressure waves. The BLEVE source is assumed to be a tank with 
2.7 m width, 0.86 m height and 0.86 m length. The angle of incidence 
between the BLEVE source and structure is set as 0◦. The reflected peak 
overpressures on the front face of the structure are similar. However, 
when the structural width is small that pressure diffraction occurs before 
the wave is fully reflected, the reflected impulse gradually decreases 
with the reduced width. Fig. 18 shows the incident and reflected 

pressure-time profiles from MP1 to MP5, indicating the interaction of 
the blast wave on the front, top, sides and rear of the structure. Each 
monitoring point is located at the centre of the respective surface as 
shown in Fig. 17. Regarding reflection (i.e., MP1), when the width of the 
structure is 10 m and 5 m, the reflected pressure and duration are very 
close, i.e., the structural width and height are large enough for the 
pressure wave being fully reflected before diffraction. With smaller 
width of the structure (i.e., Wstr = 2.5 m), the corresponding duration 
gradually decreases and further reduces the reflected impulse due to the 
diffraction of the BLEVE waves from the side edges. When the structural 
width is further reduced (i.e., Wstr = 1 m), more blast waves are dif-
fracted around the side edges of the structure, resulting in a faster 
release of reflected overpressure. In terms of the monitoring point on the 
top surface (i.e., MP2), since the blast wave propagates parallel to the 
free surfaces, there is nearly no reflection. Similarly, for the side surfaces 
(i.e., MP4 and MP5), the blast loading on the side surfaces is very similar 
to the BLEVE in open space at the same location. As the structural width 
increases, the overpressure on the side surfaces of the structure becomes 
slightly smaller due to the fact that the wave is partially affected by the 
structure. Since the angle of incidence between BLEVE centre and the 
structural centre is 0◦ (i.e., BLEVE tank has the same distance away from 
both sides of the structure), the overpressures on the MP4 and MP5 are 
the same. The overpressure on the rear surface (i.e., MP3) is remarkably 
lower than that of the open space due to the shadowing effects. Mean-
while, the overpressure on the rear surface of structure increases 
significantly with the decreased structural width. By diffracting from the 
side edges, more blast waves act on the rear structure with smaller 
width, and the diffracted waves arrive earlier when the structural width 
becomes smaller. Additionally, diffraction generates rarefaction waves. 
The effect of the pressure flow induced by the rarefaction waves on the 
clearing time is discussed in Section 5.2. 

5.2. Clearing time (tc) 

Clearing time (tc) is the time required to release the reflected over-
pressure from the affected surface, which is determined by the dimen-
sion of the structure and the speed of sound in the reflected area (Sr) 

Fig. 16. Rigid structures with different widths.  

Fig. 17. Monitoring points at the centre points of different surfaces on a rigid structure.  
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(Lomazzi et al., 2021; UFC, 2008). The clearing effect usually begins 
when a blast wave arrives at the free edge of a target surface with finite 
dimensions (Rigby, 2014). Due to the diffraction phenomenon, the 
pressure flow is induced by the pressure imbalance between the higher 
pressure reflected wave and the lower pressure incident wave. 
Diffraction-generated rarefaction waves propagate along the loading 
surface, reducing the overpressure acting on the reflected surface and 
further decreasing the magnitude of the positive impulse (Rigby, 2014). 
When the relief wave reaches the centre of the front surface, the re-
flected overpressure can be fully released. As shown in Fig. 18 (a), the 
blast waves in front of the surface are nearly completely reflected when 
the structure dimensions are large enough. For instance, the blast wave 
is completely reflected when the width and height of the structure is 
10 m and 5 m, respectively. When the width of the structure is reduced 
to 2.5 m, the blast wave can diffract around the side walls, as well as the 
top surface, resulting in pressure relief. Fig. 19 demonstrates the pres-
sure relief in FLACS simulations. When the structural width becomes 
smaller, pressure waves are diffracted from the free edges of the side 
walls. The generated rarefaction waves create a pressure flow from 
high-pressure region (i.e., reflected region) to low-pressure region (i.e., 
rarefaction waves region), resulting in a reduction in the reflected im-
pulse of the front wall, that is, the reflected overpressure is released. 

Blast wave clearing is a complex process, and one of the reliable 
empirical prediction methods is the equation provided in UFC- 
3–340–02, as given in Eq. (8). The sound speed in BLEVE reflected 

region is a function of incident peak overpressure (Ps), as defined by Eq. 
(9) and shown in Fig. 20. The comparison of sound speed associated with 
TNT explosion and BLEVE is illustrated in Fig. 21, indicating BLEVE 
generates higher sound velocity under the same incident peak over-
pressure. The speed of sound depends on the conditions of the propa-
gating medium, which is a function of the surrounding pressure and 
temperature. The sound speed increases with the rising local pressure or 
temperature (Cullis, 2001). TNT can explode at ambient pressure, while 
BLEVE occurs at high temperature and high pressure since the fluid in 
the BLEVE tank needs to be liquefied under high pressure. Due to the 
higher failure pressure of BLEVEs, the sound speed in BLEVEs is higher 
than that of TNT explosions at a similar incident peak overpressure. The 
clearing time is inversely proportional to the sound velocity in the re-
flected region. Given the same incident overpressure, the sound speed of 
BLEVE in a reflected zone is higher than that of TNT explosions, indi-
cating a shorter clearing time. 

tc =
4S

(1 + R)Sr
(8)  

where clearing distance S [m] = the shortest distance measured between 
the point of interest, e.g., centre of the front wall to the top or side of the 
structure, whichever is smaller;. 

R = S/G, where G [m] is the largest distance between the point of 
interest to the top or side of the structure, whichever is larger; Sr [m/s]=
sound speed in the reflected region, can be calculated by 

Fig. 18. Reflected pressure-time histories on a rigid structure surface at monitoring points (MP1–5).  
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Sr = − 20.39Ps
2 + 88.05Ps + 348.69 (9)  

where Ps [bar] = incident peak overpressure. 

5.3. Reflected impulse (Ir) 

In addition to reflected peak overpressure, reflected impulse (Ir) is 
another essential parameter to characterize the blast load on a structure 
(Tyas et al., 2011). By combining the blast overpressure and impulse on 
a specific structural element, the pressure-impulse diagram can be 
generated to assess the level of structural damage (Baker et al., 1983). 
Blast impulse is an integral time function of overpressure. Due to the 
limited structure size, the pressure relief phenomenon has a further ef-
fect on the reflected impulse, as it can determine how much over-
pressure is cleared. A portion of incident waves is diffracted along the 
free edges instead of completely reflected, causing partial blast waves to 

be cleared and lower reflected impulse. Fig. 22 shows an ideal model of 
non-cleared and cleared reflected pressure. The scenario with pressure 
relief is different from the case of complete reflection, and the cleared 
pressure decays linearly from the peak reflected overpressure to the 
stagnant overpressure (i.e., incident overpressure + drag coefficient ×
dynamic overpressure) within the clearing time (tc) (Rigby, 2014). The 
reflected impulse results are extracted from 650 sets of BLEVE cases by 
varying BLEVE sources and structural dimensions. As shown in Fig. 23, 
the BLEVE reflected impulse (Ir) is determined by incident impulse (Ii). 
The R-square value of the linear fitting is around 0.96, and the fitting 
formula is given as follows: 

Ir = 2.17Ii − 14.53 (Pa⋅s) (10)  

Fig. 19. Pressure relief in FLACS simulation.  

Fig. 20. Sound speed in the BLEVE reflected region.  

Fig. 21. Comparison of sound velocity in the reflection regions of TNT explo-
sion (UFC, 2008) and BLEVE. 
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6. Example of application 

To predict the BLEVE reflected peak overpressure and impulse on the 
front surface of a rigid structure, the aforementioned results can be used 
in combination with the BLEVE overpressure in open space proposed by 
the authors in a previous study (Wang et al., 2022b). An example is 
given in this section to demonstrate the prediction process. The previous 
study developed empirical models to predict BLEVE peak overpressure 
and impulse occurring in open space. When a BLEVE wave acts on a 
structure, the reflected peak overpressure can be obtained using the 

proposed reflection coefficient charts (i.e., Fig. 11), and the reflected 
impulse can be determined by using Eq. (10) with the incident impulse. 

BLEVE test No. 02–1 of Birk et al. (2007) was employed as an 
example in the authors’ previous study (Wang et al., 2022b), where the 
developed empirical model was used to predict the peak overpressure 
and impulse of BLEVE in open space. The 2 m3 (Vtank) tank has a 
diameter of 0.953 m and a length (Ltank) of 2.7 m. Liquid propane is 
stored inside, filling to 51% of the tank’s volume. BLEVE occurs under 
failure conditions at a pressure of 18 bar, the liquid temperature of 
330 K and the vapour temperature of 334 K, respectively. Assuming that 
the stand-off distance is 20 m from the BLEVE centre to the rigid 
structure with the dimensions of 3 m width (Wstr), 3 m height (Hstr) and 
0.4 m thickness (Lstr), the reflected peak overpressure and impulse at the 
centre of a rigid structure are predicted as follows. Fig. 24 shows the 
schematic diagram of two cases (i.e. open space and on a rigid 
structure). 

For the case of open space (Wang et al., 2022b), the equivalent 
rectangular tank’s width (Wtank) and height (Htank) can be calculated as: 

Wtank = Htank =

̅̅̅̅̅̅̅̅̅
Vtank

Ltank

√

=

̅̅̅̅̅̅̅
2

2.7

√

= 0.86 m 

The peak overpressure (P+
s & P−

s ), durations (t+d & t−d ), arrival time 
(ta), peak pressure rise time (t+p & t−p ) and impulse (I+i ) for BLEVE in open 
space are calculated and listed in Table 4. 

The incident angle: 

α = arctan
(

Hstr/2 − Htank/2
stand − off distance

)

= arctan
(

3/2 − 0.86/2
20

)

= 3.06 o 

Using Fig. 11 (a), the reflection coefficient: 

Cr =
P+

r

P+
s
= 2.05 

The reflected positive peak overpressure: 

P+
r = 2.05 × 0.0813 = 0.17 bar 

The negative peak overpressure is predicted by Eq. (7): 

P−
r = − 0.26 × 0.17 − 0.059 = − 0.10 bar 

Using Eq. (10), the reflected impulse: 

Ir = 2.17Ii − 14.53 = 59.25 Pa⋅s 

Obtaining the sound velocity in the reflection region from Fig. 20: 

Sr = 356 m/s 

Using Eq. (8), the clearing time: 

Fig. 22. Reflected impulse (Ir) (UFC, 2008).  

Fig. 23. Correlation between the reflected impulse (Ir) and incident impulse (Ii) 
at the centre of the front surface. 

Fig. 24. Schematic diagram of two cases: (a) open space; (b) at the front centre of rigid structure.  

Table 4 
Predictions by using the equations in Wang et al. (2022b).  

P+
s [bar] P−

s [bar] t+d,i[s] t−d,i [s] ta,i [s] t+p,i[s] t−p,i[s] I+i [Pa • s]

0.0813 -0.0600 0.0084 0.0111 0.0488 0.0526 0.0652 34  
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tc =
4S

(1 + R)Sr
=

4 × (3/2)
(1 + 1.5/3) × 356

= 0.011 s 

The arrival time: 

ta,r = ta,i = 0.0488 s 

The reflected overpressure duration and peak pressure rise time are 
close to the incident ones, expressed as: 

t+d,r = t+d,i = 0.0084 s  

t−d,r = t−d,i = 0.0111 s  

t+p,r = t+p,i = 0.0526 s  

t−p,r = t−p,i = 0.0652 s 

The above results indicate that clearing time is longer than the 
positive phase duration, implying the pressure wave is fully reflected. As 
shown in Fig. 25, the reflected overpressure at the centre of the front 
surface is presented and compared with the corresponding incident 
pressure-time histories, i.e., experimental data (Birk et al., 2007) and the 
predicted results using Wang’s equation (Wang et al., 2022b). 

As discussed above, the BLEVE load acting on top and side faces of 
the structure can be approximated by the free-field pressure waves. It 
should be noted that the prediction of BLEVE load on rear surface is 
more complicated as indicated above and is also less significant. For 
these reasons, BLEVE load prediction on rear face of structures is not 
included in this study. 

7. Conclusions 

In this study, a total of 1300 sets of BLEVE cases consisting of 650 in 
open space and 650 pressure wave-rigid structure interaction cases are 
simulated by using FLACS. Reflected overpressure and impulse induced 
by BLEVE on a rigid rectangular structure are obtained and analysed. 
The following conclusions can be drawn:  

1. Reflection coefficient (Cr) charts for positive overpressure on a rigid 
structure are developed based on different angles of incidence and 
the incident peak overpressure in open space.  

2. Von Neumann reflection rather than Mach reflection occurs in 
BLEVE when the angle of incidence reaches the critical incidence 
angle.  

3. The relationship between negative reflected peak overpressure (P−
r ) 

and positive reflected peak overpressures (P+
r ) is proposed as Eq. (7).  

4. Incident and reflected BLEVE pressure-time profiles have very 
similar peak pressure rise time. However, the reflected BLEVE 
pressure rise rate is larger than the incident one as the reflected peak 
overpressure is higher than the incident peak overpressure.  

5. The sound speed chart of BLEVE in the reflected region is proposed to 
calculate the clearing time. BLEVE waves require a shorter clearing 
time (tc) than shock waves from TNT explosions at similar incident 
peak overpressure and structural dimensions.  

6. The empirical formula (10) is proposed to predict the BLEVE-induced 
reflected impulse (Ir) on a rigid structure.  

7. The results presented in this study together with BLEVE pressure 
predictions reported in a previous study can be used to estimate 
BLEVE loads on structures. 
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