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Received 17 February 2023 Abstract:‘ In many urban building:s, there is thf: presence of gas central stor{ige, which contain pressurized tanks. One
Revised 07 May 2023 of the main risks in these places is an explosion, which may or may not is followed by fire. In general, the shock
wave formed by this phenomenon is disastrous and can cause material damage and even fatalities. Recent research
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Cccep te 427 May h 2024 has contributed to understanding protective systems against this phenomenon; however, it is necessary to advance in
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developing protection devices for gas central storage. From this perspective, the implementation plan of these devices
in order to mitigate the harmful effects of explosions are essential to raise the safety level in construction. Physical
protection barriers are appropriate solutions for the protection of buildings, especially in places where it is impossible
to bury gas reservoirs. In addition to the potential to reduce back pressure levels, protective walls, when properly
designed, can also prevent the spread of debris from the explosion. Another kind of barrier that influences the
propagation of the shock wave close to the ground is the ditches, whose function is related to the absorption and
redirection of wave energy. Understanding the positioning, geometry, and overpressure attenuation potential of
physical barriers are essential in developing safer and more reliable projects. This article aims to study protective
barriers in buildings with pressurized gas tanks. The study was developed numerically using the Autodyn software.
This program is a tool based on computational fluid dynamics (CFD). The protective capacity of the proposed types
of protection regarding the mitigation of incident overpressures was evaluated qualitatively and quantitatively.
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Resumo: Em muitas edificagdes urbanas ha a presenca de centrais de gés, as quais contém tanques pressurizados.
Nesses locais, um dos principais riscos existentes € a explosdo, que pode ser seguida ou ndo de incéndio. Em
geral, a onda de choque formada por este tipo de fendmeno ¢ desastrosa e pode ocasionar diversos danos materiais
e até mesmo fatalidades. Pesquisas recentes tém contribuido para o entendimento dos sistemas protetivos contra
este fendmeno, entretanto, ¢ necessario avangar no desenvolvimento de dispositivos de protegdo quanto as
centrais de gas. Nessa perspectiva, a implementacdo destes para mitigagdo dos efeitos danosos das explosdes €
imprescindivel para elevar o patamar de seguranga nas construgdes. As barreiras fisicas de prote¢@o sao solugdes
apropriadas para protecdo de edificagdes, principalmente em locais onde ha a impossibilidade de enterrar os
reservatorios de gas. Além do potencial em reduzir os niveis de sobrepressdo na parte posterior, os muros de
protegdo, quando corretamente projetados, também sao capazes de impedir a propagagdo dos detritos oriundos
da explosdo. Outro tipo de barreira que influencia na propagagdo da onda de choque préxima ao solo sdo as
valetas, cuja fungdo esta relacionada a absorgdo e redirecionamento da energia da onda. A compreensao sobre o
posicionamento, geometria e potencial de atenuag@o de sobrepressdes das barreiras fisicas ¢ indispensavel no
desenvolvimento de projetos mais seguros e confiaveis. Este artigo objetiva o estudo de barreiras protetivas em
edificagdes com tanques de gas pressurizados. O estudo foi desenvolvido numericamente por meio do software
Autodyn. Este programa ¢ uma ferramenta baseada na dindmica dos fluidos computacional (CFD). Avaliou-se
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qualitativamente e quantitativamente a capacidade protetiva dos tipos de prote¢do propostos quanto a mitigagdo
das sobrepressdes incidentes.
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1 INTRODUCTION

Gas consumed by residential buildings, commerce, and industry is generally provided by pressurized tanks.
The main risk associated with these gas reservoirs is an explosion, which can result in material damage and fatalities.
In this way, damage mitigation mechanisms and energy dissipation devices are indispensable to increasing buildings'
security level and reducing the event's lethality. For example, the use of physical protection barriers is an adequate
solution to protect buildings sensitive to the effects of explosions.

In this sense, understanding explosion effects are essential in studying gas tanks. Explosions are phenomena that
result in a sudden release of large energy amount, the source can be an explosive, pressurized steam, or a nuclear
transformation [1]. About this phenomenon, fundamental studies approaching from elementary concepts to more
complex formulations were presented by Zel'dovich and Raizer [2], Baker et al. [3], Kinney and Graham [1], and
Needham [4]. According to Lees [5], the shock wave can transport from 40% to 80% of the explosion energy.

The explosion can be usually classified as chemical, mechanical or nuclear. This study focuses on mechanical
explosions, which can originate from pressurized vessel rupture.

Liquefied petroleum gas (LPG) tanks are characterized as pressurized vessels, as they are subjected to high internal
pressure to keep the gas in a liquid state. These containers must be constructed securely enough that a mechanical explosion
will not occur.

Gas tanks can rupture due to several causes, such as corrosion, manufacturing defects, exposure to an intense heat
source, and others. According to Salzano et al. [6], when a gas reservoir is subjected to a heat source, the evaporation
of the liquid leads to an increase in internal pressure; in addition, the reservoir metallic wall suffers degradation in the
mechanical properties due to the increase in temperature, mainly in the portion in contact with the steam.

Regarding the stored energy prediction in a gas tank, some models are available in the literature, and the main ones
were gathered and presented by Molkov and Kashkarov [7]. As for the experimental approach, we can mention the
research conducted by Tschirschwitz et al. [8] in which the explosion of several domestic gas tanks was analyzed.
This research was essential for a preliminary validation analysis of the simulations in this article.

Physical barriers are elements constructed from various materials (concrete, steel, rocks, sand, soil, and trees, for example)
whose purpose is to contain and absorb the explosion energy to mitigate its harmful effects on the surroundings. In this
context, several studies (experimental and numerical) were developed to verify the efficiency of these barriers.
The experiments carried out by Beyer [9] and Wu et al. [10] with concrete walls and those carried out by Xiao et al. [11]
and Chen et al. [12] with gabion walls showed that these devices are capable of significantly reducing the overpressures
in the back part, as they are a physical barrier to the passage of the shock wave. In the numerical field, relevant studies
were conducted by Zhou and Hao [13], Soukup et al. [14], Taha et al. [15], Skob et al. [16], Attia et al. [17] showing the
efficiency of these physical barriers with different geometries and scenarios. The use of trees as obstacles has been
investigated experimentally in some relevant studies. Gebbeken et al. [18] analyzed barriers formed by two types of plants
(Cherry laurel and Thuja), where Thuja was able to reduce the overpressure peaks behind the barrier by more than 60%.
In a controlled environment (shock tube), Gan et al. [19] investigated the Juniperus Spartan plant; they found up to 23%
reduction in overpressure behind the barrier formed by this vegetation. Under the effect of shock wave loading, masonry
walls were analyzed by Browning et al. [20] experimentally and numerically. A comparative analysis between concrete
walls and fences composed of juxtaposed steel bars with small spacing between them was conducted by Jin et al. [21].

This research contributed to the alternative study for protecting structures against the explosion effects; however, each of
them is limited to specific scenarios and with the use of high explosives. In the field of gas tank explosions, there is a need to
expand studies about protective measures thematic, as they are essential to guide good practices in gas central storage.

Numerical tools are indispensable in explosions study, as they allow analysis in highly complex environments since
experiments can be expensive and dangerous. Currently, several tools based on CFD (Computational Fluid Dynamics)
are available to researchers and designers, for example, Autodyn, FLACS, LS-DYNA, and STOKES
(Shock Towards Kinetic Explosion Simulator).
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STOKES is a computational code that solves a set of fluid mechanics equations using a mesh based on
PDR (Porosity Distributed Resistance), according to Quaresma et al. [22]. This kind of porous mesh can consider
small-scale obstacle effects without requiring substantial refinement [22].

Autodyn is a software that solves problems involving explosions, impacts, materials integrity, and others, where the
results can be inserted into other Ansys® Workbench systems. In addition, as highlighted by Tham [23], this
computational program has a unique characteristic which is the possibility of modeling the different parts of a single
problem with the appropriate numerical formulation, thus allowing the user to couple different numerical solution
techniques in a single problem. With this, Autodyn was adopted in this research.

In view of the above, this paper presents a study that aims to analyze physical obstacles efficiency to mitigate the
effects of accidental explosions of gas tanks intended to supply buildings. In the numerical analyses, different
geometries and dispositions of the protective devices are considered.

2 EXPLOSION OVERVIEW

Understanding some explosion parameters is indispensable in the analysis involving this phenomenon. This chapter
exposes a brief theoretical summary of the shock wave and its properties. In addition, a model for predicting the energy
stored in gas tanks and the equivalent mass of a high explosive is presented.

2.1 Shock wave overpressure

When an explosion occurs in the open air, the gaseous products suddenly expand out of the initially occupied
volume, thereby creating a shock wave [24]. Figure 1 exemplifies the typical behavior of this wave, where Py is the
ambient pressure, and Pgg is the maximum value of the positive phase. In general, the shock wave positive phase
duration is short compared to the negative phase; however, the pressure magnitude is higher.

P(t)
Pso ”””
Positive specific impulse

Negative specific impulse

R, L, it ta+ it +
t
Positive time Negative time
duration £, duration ;-
|

Figure 1. Typical blast wave pressure-time history [24].

The prediction of overpressure (difference between wave pressure and ambient pressure) in an environment with an
explosion risk and it is mandatory in a preliminary damage assessment. In the literature, there are several equations to
estimate the overpressure peaks. These equations are reliable because they are based on experiments; however, they do
not capture the shock wave reflections properly. Equations 2 to 9 presented in Table 1 are some of the main models for
the prognosis of overpressure in outdoor explosions, according to Costa Neto and Doz [25]. It is noteworthy that, for a
gas tank explosion in the open air, Baker's model is widespread in the literature; however, it was not used in this work,
as it also does not consider the effects of shock wave multiple reflections on obstacles.

Scaled distance (Equation 1) is necessary concept for the suitable application of the equations showed in Table 1.
This parameter relates the distance from the explosive to the point of analysis with the mass of TNT in order to measure
the effects of the explosion in terms of energy dispersion of the shock wave.

z:ﬁ (M

Were Z = scaled distance (m/kg'?); r = distance from explosion center to analysis point (m); and W = TNT mass (kg).
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Table 1. Overpressure prediction equations (AP) [25]

Author Equation Requirement Unit
) AP > 10 Bar
Brode 0.975 1455 585
=7 a3 0.1<AP<10 Bar
14072 5540 0357  0.00625 )
Tz 2 A P 0.05<72<03 Bar
6194 0326 2132
Henrych T2 (5) 03<z<1 Bar
0.662 405 3.88
=7 a0 1<Z<10 Bar
1772 114 108
Mill sp=—z-—rz (D - kPa
7 2
| B sos{u[rsj }
Kinney - ®) - -
Ry PR 7 2 PRV
JH[MJ JH[E] JH[E)
1/2
Newmark AP:6784K3+93[£3] ) - Bar
R R

Shock wave interacts with obstacles when propagating through a medium, so the phenomena of reflection, refraction,
and diffraction occur. In an open-air explosion, for example, the shock wave hits an obstacle, part of it is reflected and
propagates through the air again in a different direction from incident one, and another part refracts, that is, it propagates
through the obstacle itself. Shock wave reflection can cause a substantial increase in overpressure levels which, according
to Cernak [26], is around two to nine times greater than the incident overpressure. Diffraction can be understood as the
ability of the wave to circumvent objects; in the case of protection walls, Figure 2 exemplifies this phenomenon.

o
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Figure 2. Shock wave diffraction over an obstacle [9].

2.2 TNT equivalent mass

In Autodyn, it is convenient to use a high explosive to simulate explosions, Trinitrotoluene (TNT) being one of the
most appropriate for this purpose. Since most of the existing analytical formulations use TNT as a base, the gas tank's
explosive capacity conversion to a TNT equivalent mass is necessary. According to Rodriguez and Schofield [27],
the TNT equivalent mass as a function of the expansion energy of a given gas volume can be obtained by Equation 10.

(10

Hryy
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Where W= TNT equivalent mass (kg); £ = mechanical energy stored in the gas tank (J); and Hzyr = specific energy released
in TNT detonation (J/kg). This specific energy is approximately equal to 4.184 MJ/kg, according to Bolonkin [28].

2.3 Energy prediction in pressurized tanks

Mechanical explosion is a high-intensity energy phenomenon resulting from vessel rupture with a high pressure
differential between the inside and the outside. Adequate prediction of the energy involved in this process is necessary
for studies involving gas tank explosions since, based on this information, a relationship can be established with a high
explosive, in general, TNT. In the literature, several methods estimate the mechanical energy in a pressure vessel; in this
sense, Molkov and Kashkarov [7] gathered some models for ideal and non-ideal gases. For LPG, these researchers
suggest using the Abel-Noble state equation (Equation 11), as it represents a more realistic behavior of this gas and,
consequently, improves the predictive capacity of the energy stored in the tank.

P[ifb):RT (11

Where P = pressure (Pa); p = specific mass (kg/m?®); b = gas co-volume (m3/kg); R = gas constant (J/kg-K);
and T = temperature (K). Co-volume indicates the volume occupied by the gas molecules per unit mass.

In a hermetically sealed and pressurized tank, the mechanical energy is obtained by the product of the gas mass,
temperature, and specific heat at constant volume [7]. Based on this assumption and introducing Equation 11, we have
Equation 12, which allows us to predict the energy in a gas tank. The gas co-volume can be estimated using Equation 13,
according to Cengel and Boles [29].

P,-R
E=|—£5_ 0 __lycr (12)
RT +b(Py ~Ry)

bRl (13)

Where E = stored mechanical energy (J); P = gas pressure inside the tank (Pa); Py = ambient pressure (Pa); V; = pressurized
gas volume (m?); C, = specific heat at constant volume (J/kg-K); 7= gas temperature (K); b = gas co-volume (m*/kg); R = gas
constant (J/kg'K); 7. = temperature (K) at the critical point of the gas; and P, = pressure (Pa) at the critical point of the gas.
The ambient pressure is approximately equal to 101.325 kPa at sea level.

3 NUMERICAL SIMULATIONS

Numerical simulations were developed in Autodyn to analyze the efficiency of physical protection barriers against the
gas tank explosion effects close to buildings. Preliminarily, two validation simulations were carried out; the first, based on
experimental data, consisted of measuring the overpressures resulting from the explosion of domestic gas tanks. In the
second, the validity of the two-dimensional model was verified. Subsequently, the physical protection barriers were
analyzed in various positions and geometries; in addition, the influence of ditches on the ground was verified in terms of
overpressures on the protective wall. An overview of the analysis environment is shown in Figure 3.
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Figure 3. Analysis environment illustrative scheme.

3.1 Technical and regulatory parameters

Technical characteristics of tanks intended for gas storage are established by the manufacturer. This study adopted
these characteristics from one of the largest European manufacturers. Reservoir volume limitation and distance from
the building are criteria recommended by the Brazilian technical standard, ABNT NBR 13523 [30]. In order to meet
the technical and regulatory requirements, the gas tank adopted in this part of the analysis has the parameters shown in
Table 2. The technical standard mentioned above establishes that, for a distance of 7.5 m, the maximum volume must
be equal to 8 m*; however, among the volumes made available by the manufacturer, the chosen tank is the one closest
to this normative limit, thus being appropriate for this study.

Table 2. Cylindrical gas tank characteristics.

Volume 8.15m?
Length 2580 mm
Diameter 2200 mm
Design pressure 2 MPa (20 bar)

3.2 Gas properties

LPG is a gas composed of several hydrocarbons, the main ones being propane and butane. In order to represent a
more critical situation, the properties of propane were adopted (Table 3), as this gas requires greater pressure to liquefy
compared to the other hydrocarbons in LPG.

Table 3. Propane gas properties [29].

Reference temperature (T) 15° C (288.2 K)
Specific heat at constant volume (Cy) 1.4909 kJ/kg'K
Gas constant (R) 0.1885 kJ/kg'K
Critical point temperature (Tc) 370K
Critical point pressure (Pc) 4.26 MPa
Co-volume (b) — obtained by the Equation 13 0.00205 m*/kg

3.3 Validation and energy loss

The main numerical validation process in this work was the same presented by Moura et al. [31]. These researchers
compared the overpressure peaks from the domestic gas tank explosion obtained by numerical simulations with the
results of the equations listed in Table 1 and with experimental data from Tschirschwitz et al. [8], as shown in Figure 4.
These experiments analyzed the mechanical explosion of propane gas tanks subjected to a heat source.
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Figure 4. Overpressures from propane tanks explosion with a volume of 27.2 liters [31].

According to Borg et al. [32], in numerical models for consequence analysis, validation is viewed as an accuracy
measure between model predictions and the real world. Furthermore, having a validated model implies confidence that
the model is suitable for the intended purpose in terms of accuracy, uncertainty, and applicability. The results of
validation model are shown in Figure 4, it was carried out in two-dimensional modelling, with axial symmetry and
discretized with a 10 mm mesh. The air domain contains 4000 mm in height and 9200 mm in length. A strip of soil
with a thickness of 100 mm was placed on the lower edge of the air to restrict the outflow; with this, the shock wave
reflections could be analyzed. Gauges were inserted at 5, 7, and 9 m from the explosion center, the same positions as
in the experiments from Tschirschwitz et al. [8]. Both the gauges and the explosion were placed 1200 mm from the
ground. Boundary conditions for free air edges are “flow out” and “rigid” to the ground. Adopting the ground as a rigid
surface was also a configuration used by Gebbeken et al. [18], who claim that the reflections obtained numerically are
to some extent stronger than the real ones; however, the parameters needed to model the materials more realistically,
especially soil, cannot be quantified with reasonable effort, so it is convenient to neglect them in simulations.

The energy released in an explosion is dissipated in various forms, for example, shock waves, sound, and debris.
According to Lees [5], the shock wave carries about 40% to 80% of the explosion energy. In an overpressure analysis, the
portion of energy not carried by the shock wave can be called energy loss. In the study presented by Moura et al. [31],
this loss was estimated at approximately 25%. With this energy loss value, the TNT equivalent mass was estimated and
modelled with spherical shape for a more uniform detonation energy distribution. Due the similarities of explosion events
in the simulated models, these considerations were adopted in all simulations in this paper.

Based on the results of Figure 4, it is noted that the semi-empirical models diverged in the sensors 7 and 9 m from the
explosion because they did not capture the effect of shock wave reflection; in this case, the numerical model was able to
represent with reliable accuracy the phenomenon. The overpressures of the numerical model showed similar results with
Tschirschwitz et al. [8] experiments, diverging by less than 4% in relation to experiment 2. These small differences can
be related to the energy loss value considered, which was 25%, which is evidently appropriate for this problem.

3.4 Analysis model

3.4.1 Initial considerations

Figure 5 shows the model schematic layout used to evaluate the protective wall performance in reducing the
overpressure peaks of the shock wave on the building facade. The model was discretized in full size in all simulations,
and the dimensions of the air domain were adequate to cover the gas tank, wall, and building facade. Figure 6 shows
the model discretization details in Autodyn interface, where the ground and the facade were considered rigid surfaces
for the same reasons presented in item 3.3.

Physical barriers analyzed were concrete walls, gabion walls, and embankments. These protective devices were also
considered rigid elements, and the adopted height is equal to 2300 mm in all simulations; this measure refers to the
total height of the gas tank. All barriers were placed between the gas tank and the building and a distance D from the
explosion point.

Luccioni et al. [33] cite that the precision of the numerical results is strongly dependent on the mesh size. However,
the mesh size is limited by the model dimensions and the computer capacity. These researchers concluded that a 100 mm
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mesh is sufficiently accurate for analyzing wave propagation in urban environments. To further improve the accuracy
of the results, the simulations were performed with a 25 mm mesh in Autodyn 2D. In all simulations, the Euler processor
was used for air and the Lagrange processor for solid materials.

The analysis procedure adopted in this article is a combined process involving analytical and numerical methods.
The analytical methods are related to predicting the mechanical energy, the equivalent mass of TNT, and the
overpressures in three points of the analysis environment. At these three points, there was no reflection effect before
the direct incidence of the shock wave, and they served as an additional parameter for validating the simulations.
All other analyzes (TNT detonation and shock wave propagation with multiple reflections) were performed using
numerical methods using the Autodyn software.

The TNT equivalent mass was estimated based on the mechanical energy stored in the gas tank. For the proposed
tank, this energy is equal to 114.185 MJ, which was calculated by Equation 12, whose variable values are shown in
Tables 2 and 3. Since it is a problem similar to the preliminary validation analysis presented in item 3.3, the same
energy loss was adopted (25%); consequently, when applying Equation 10, an equivalent mass of TNT equal to
20.468 kg was obtained. This explosive mass was considered spherical, initially discretized in a wedge (1D model),
and later remapped in the 2D and 3D models.

In this work, chemical energy was neglected in the analysis since it only contributes to the formation of the shock
wave by the gas cloud ignition.

Gauges 1, 2, and 3 were placed at points to record the pressure peaks along the facade, and gauges 4, 5, and 6 were
placed in places where there was no reflection effect before the direct impact of the shock wave. The data captured by
these last three sensors are compared with the results of applying the equations in Table 1 as an additional way of
validating the simulations.

In addition to the physical protective barriers, additional analyses were proposed to alleviate the pressure on the
protection wall face. These analyzes consisted of checking ditches placed in the ground between the wall and the gas tank.
Details of the ditches are presented below in item 3.4.6.

discretized region in Autodyn building
\ |
gas tank /protective wall
S gauges h
n D
{E=] o
2 + = h
™~ ~N
h/2
1100 7500 =
Figure 5. 2D analysis environment.
a)
air /protective wall
facade—"|
rd

Figure 6. a) analysis model. b) model discretized in Autodyn.

3.4.2 2D model validity

2D analyses present a reliable cost-efficient approach for some problems, and its use may lead to a computational
cost reduction. However, one must ensure that the results of this type of modeling do not depend fully on quantities or
effects related to the third spatial dimension. In the case of protective walls with reduced length, the shock wave that
goes around the sides can increase the overpressure levels at some points behind the wall due to multiple reflections.
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This phenomenon was observed by Xiao et al. [11], who performed a convergence analysis varying the length (L) of
the wall from 1 to 10 m and concluded that, for the scenario verified by them, the pressure peaks are not influenced
when the length of the protective wall is equal to or greater than 7 m.

In order to evaluate the two-dimensional numerical modeling validity, some preliminary simulations were
performed using a 3D model with a 100 mm mesh. In these simulations, the length of the wall was also checked with
dimensions ranging from 1 to 10 m. The air domain dimensions were the following: the x-axis and y-axis have the same
dimensions as the 2D model shown in Figure 5, and the z-axis has a dimension equal to 12000 mm. This z-axis
measurement was adopted to cover the entire length of the 10 m long wall so that there was space for the shock wave
to propagate along the sides.

3.4.3 Protective wall distance from explosion

Considering the standoff distances, the performance evaluation of the protective wall was made in three different
positions, which were called P1, P2, and P3. The spacing distances are presented in Table 4, which indicates D in Figure 5.
These spacing values were adopted in order to have good space for free circulation between the wall and the tank and also
between the wall and the building.

Table 4. Protective wall distance from explosion

Wall position D [mm]
Pl 3600
P2 4850
P3 6100

3.4.4 Cross section geometry of physical protection barriers

The protection barriers cross section was analyzed with different geometries, as detailed in Figure 7 and Table 5.
This table also presents the identification of each geometry. In addition to concrete walls, two other barrier types were
verified, one representing a gabion wall and the other representing an embankment made with soil.

BYRIRIVIN
)M AA

Figure 7. Cross section geometry of physical protection barriers.

Table 5. Physical barriers cross sections detailing

Width [mm]
Model Surface! Curvature? Material
Top Base

Gl plane - 200 200 concrete
QG2a plane - 100 500 concrete
G2b inclined - 100 500 concrete
G3a concave 20° 100 500 concrete
G3b convex 20° 100 500 concrete
G4da concave 40° 100 500 concrete
G4b convex 40° 100 500 concrete
G5a concave 60° 100 500 concrete
G5b convex 60° 100 500 concrete
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Table 5. Continued...

Width [mm]
Model Surface! Curvature? Material
Top Base

Go6a concave 80° 100 500 concrete
Go6b convex 80° 100 500 concrete
GT7a plane - 200 500 concrete
G7b irregular - 200 500 concrete
G8 rough - 100 500 concrete
G9 steps - 500 2000 concrete
GI10 inclined - 500 3000 sand

! Kind of surface in the explosion firont. * Curvature of the surface in the explosion front.

In the wall of rectangular section, a thickness of 200 mm was adopted; this same measure was used by Song et al. [34]
in the stress state investigation in protective concrete walls against explosions of tanks in gas central storage.

In general, concrete wall integrity is severely affected at their base close to the ground, which justifies the use of geometries
with thicker bases. In the numerical study by Moura et al. [35], this fact was evidenced, and the use of a wall with a trapezoidal
section (with a thickness of 100 mm at the top and 500 mm at the base) proved to be more resistant. In this work, the
trapezoidal walls also have these measures mentioned above. In the G8 model, a roughness has been added on the blast wall
front face. This roughness was formed by small squares with sides equal to 100 mm and spaced in the same measure.

Geometries with curved surfaces (concave and convex) were investigated with angles of 20°, 40°, 60°, and 80°,
where the thickness was kept the same as the trapezoidal section. Analyzes similar to this one were also conducted
by Taha et al. [15] and Attia et al. [17]; these researchers concluded that, in the scenario studied by them, a concave
surface with a 60° curvature had a better performance in reducing overpressures in the region behind the wall.

The G7 model is a combination of the G1 wall and additional reinforcement in the region with the highest stress
concentration. Thus, the total thickness of the base is equal to 500 mm. The vertical face of this reinforcement
is equal to 500 mm, and the inclined surface has an angle of 25° with the vertical axis.

The G9 geometry represents a gabion barrier with base thickness of 2000 mm, a top of 500 mm, and steps height
equal to 575 mm. These measures are appropriate for the construction of this type of apparatus. About gabion walls,
Xiao et al. [11] state that the influence of porosity on the explosion energy distribution is difficult to specify. Therefore,
for a primary interest regarding the propagation of the shock wave, it is appropriate to apply rigid boundary conditions
and consider the surfaces flat. The material adopted for the G9 model was 35 MPa concrete because it has characteristics
similar to rocks in terms of shock wave reflection.

The G10 model was created to represent an embankment, where the base has a width equal to 3000 mm and the top
equal to 500 mm. The material adopted was sand because, in the Autodyn library, this material is the only one that can
more appropriately represent the soil.

3.4.5 Protective wall's upper edge

Under the same objective (mitigating the explosion effects in the building), the protective wall's upper edge was
also investigated. In this item, the rectangular cross-section (G1) was analyzed; however, the top edge was modified
for specific configurations called B1, B2, B3, B4, and BS5, as shown in Figure 8.

Bl B2 B3 B4 B5

A A A ' A

Figure 8. Protective wall top edges.
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3.4.6 Ditch analysis for pressure relief on the protective wall

In order to relieve pressure on the protective wall front face and, consequently, reduce stress inside, ditches were
installed in the ground between the wall and the explosion. Initially, a ditch 1 m deep and 0.5 m wide was adopted,
forming a cross-sectional area equal to 0.5 m? This 0.5 m? area was used in all other models, as shown
in Figures 9 and 10 and detailed in Table 6. The spacing distance between the wall and the ditch is 750 mm.
This measure is sufficient for installing a proper foundation for the wall. In addition to the ditches, rough soil formed
by small blocks with equal sides of 100 mm (Figure 10) was also verified. In these simulations, gauges 7, 8, and 9 were
placed on the protective wall face with heights equal to 300, 1300, and 2300 mm, respectively.

Figure 9. Discretization in Autodyn. a) ditch V1. b) rough soil.

vi V2 V3 va V5
A\ V7 vs V9 V10

Figure 10. Ditches cross section geometry.

Table 6. Ditches cross section detailing.

Width [mm]
Ditch Depth [mm] - Shape
higher bottom

V1 1000 500 500 rectangular
V2 500 1000 1000 rectangular
V3 400 1250 1250 rectangular
V4 625 1000 600 trapezoidal
V5 625 1000 600 trapezoidal
V6 625 1000 600 trapezoidal
V7 1000 1000 0 triangular
V8 800 1250 0 triangular
Vo9 800 1250 0 triangular

V10 562.5 1125 0 semicircle

4 RESULTS AND DISCUSSIONS

This section presents the results and discussions about various simulations performed with the physical barriers to
mitigate the effects of accidental gas tank explosions. The analysis consisted of verifying the position and geometry
efficiency of the protective walls and some ditches for pressure relief in the protective wall itself. A validation check
of the two-dimensional model due to the wall length was also carried out.
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First, a numerical model check was performed to ensure the reliability of the simulations. In this step, the
overpressures obtained in gauges 4, 5, and 6 of the 2D and 3D models were compared with the results calculated by the
equations in Table 1. This verification of results between the numerical and analytical models was possible because, in
these three sensors, the shock wave direct incidence occurred before any reflection effect. Figure 11 presents the results
of these sensors, where this proximity and convergence were verified, mainly as one moves away from the explosion
point. This procedure was an additional parameter in the validation of numerical models. The small differences between
the 2D and 3D numerical models are mainly related to the mesh elements' size; however, they are close to each other.
Gauges 4, 5, and 6 are 3.1305 m, 3.9131 m, and 4.6957 m away from the explosion center point, respectively.

15 4 =—fl— Brode
s M1
e Newmark

10 === Kinney
et Henrych

eehe e AUTODYN 2D
—=o-- AUTODYN 3D

Overpressure [Bar]|

3.1 3.5 3.9 4.3 4.7
Distance from the explosion point [m]

Figure 11. Overpressure in sensors 4, 5, and 6.

After the validation process described in the previous paragraph, the two-dimensional models' validity was also
checked; the validation results are shown in Figure 12. It is noted that the protective wall length (L) directly influences
the overpressure peaks on the building facade. Based on these results, it was verified that there is a convergence for
length from 7 m, the same value found by Xiao et al. [11]. These researchers mentioned that this convergence depends
on several factors, for example, the protective wall dimensions, the distance between the explosive and the protective
wall, and also the distance between the protective wall and the construction. That said, it can be stated that, for the
modeled scenario, the 2D numerical simulations are only valid if the wall length is equal to or greater than 7 m. In some
cases (gauge 1 and L equal to 4 m, for example), the results showed that amplification in overpressure levels might
occur. This phenomenon results from the multiple reflections of the wave fronts that go around the sides and above the
protective wall and meet simultaneously on the building facade.

3.0 1 B No protective wall
25 L=1m
g B[=2m
'E' 2.0 BL=3m
= ml=4
2 15 "
= m[=5m
=
o 1.0 B [=6m
C EL=7m

0.5

m[=8m
0.0 L=9m
Gauge 1 Gauge 2 Gauge 3 Bl=10m

Figure 12. Overpressures on the building facade depending on the protective wall length.
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The protective wall with G1 geometry was analyzed in three different positions, as detailed in Table 4.
The overpressure peaks in gauges 1, 2, and 3 along the facade are shown in Figure 13. These results show that the
analyzed protective wall was able to substantially reduce the shock wave effects on the building in all positions.
However, among the verified positions, it was evident that the P1 position (wall closest to the gas tank) presents the
best efficiency. Respectively for gauges 1, 2, and 3, the wall in position P1 reduced the overpressure peaks by 71.5%,
67.6%, and 72.1% concerning the no protective wall scenario. In gauges 1 and 2, there was some similarity in the wall
efficiency for the three analyzed situations; however, in gauge 3 (the highest point of the facade), there were significant
differences, resulting in position P3 being less efficient.

O

p— 4 1 a 8
=3 & @ ™~ m No protective wall
2a) N ~
— 3 o~
v mP]
= 2
§ ) mP2
£ 1
s mP3
81

0

Gauge 1 Gauge 2 Gauge 3

Figure 13. Overpressure on the building facade (gauges 1, 2, and 3) depending on the protective wall position.

The starting point for evaluating the geometries shown in Figure 7 was the protective wall simulation in position
P1, as this position proved to be more efficient. Explored geometries are similar to real geometries in engineering
designs. The analyses were performed under the efficiency criterion in attenuating the pressures on the building facade
where gauges 1, 2, and 3 were positioned. The results obtained through numerical simulations are shown in Figure 14.
Based on these results, it is noted that all geometries can perform their role in the model to a very satisfactory degree.
In general, the verified barriers reduced the overpressure peaks between 59.4% and 74.4% concerning the unprotected
model, as shown in Table 7. The results show no large variations in efficiency depending on the geometry; however,
the G7a wall presented a better performance.

In general, when analyzing the curved geometries, it is noted that the concave models are more efficient than the
convex ones, with the Gb6a (80° curvature) having the best performance. This fact can be observed in
gauges 2 and 3 allocated on the building facade; in these cases, only in gauge 1 (closer to the ground), there was a better
performance in some convex models. According to Taha et al. [15], when the incident wave hits a convex protective
wall, it moves away from the wall in the upper and lower direction. As a result, the wave front directed upwards more
easily circumvents the upper part of the protective wall and, consequently, raises the pressure levels at some
measurement points. This shock wave behavior may also have occurred in the G10 model (landfill with inclined faces),
which explains the high levels of overpressure when compared to the other models.

However, for the scenario simulated in this paper, geometries with curvatures similar to those studied
by Taha et al. [15] and Attia et al. [17] did not prove advantageous when compared with simpler geometries,
for example, G1, G2a, and G7a.
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Figure 14. Overpressure on the building facade (gauges 1, 2, and 3) depending on the protective wall geometry.

Table 7. Percentage of overpressure peaks reduction for each type of barrier compared to the model without protective wall.

Gauge G1 G2a G2b G3a G3b G4a G4b GSa
1 71.5% 71.1% 68.7% 71.2% 71.7% 71.1% 71.7% 71.2%
2 67.6% 67.6% 62.6% 68.2% 67.4% 68.8% 66.7% 69.3%
3 72.1% 71.9% 62.7% 72.5% 71.7% 73.0% 71.2% 73.5%

Gauge G5b Go6a G6b G7a G7b G8 G9 G10
1 71.5% 71.4% 71.0% 71.9% 69.3% 71.2% 65.3% 61.3%
2 66.5% 69.7% 66.5% 69.9% 65.6% 68.9% 63.6% 59.4%
3 70.8% 73.9% 70.5% 74.4% 67.5% 72.9% 65.5% 63.0%

Regarding the top edge of the G1 wall, the results (Figure 15) showed a small variation between the values of
overpressure peaks. For gauge point 1, edges B1 and B5 had equal results and were the most efficient. On gauge 2,
edge B4 had the best performance, and on gauge 3, edge B1 was again more efficient.

In model B1, wave diffraction occurs with greater difficulty in relation to the others; in addition, the vortex
generation on the upper edge of the protective wall (as exemplified in Figure 2) dissipates part of the wave front energy,
consequently reducing the pressure on the building facade gauge. In the case of the semicircular model B2, the
beginning of Mach reflection at the edge contour may occur; this phenomenon is presented by Needham [4], who
compiled some studies on shock wave reflection on curved surfaces. For triangular edges, the wave slides more easily
on the inclined edge, facilitating the diffraction phenomenon.

In general, it is noticed that more simplified geometries presented results as good or even superior to those of more
complex geometries.
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Figure 15. Overpressure on the building facade (gauges 1, 2, and 3) depending on the protective wall top edge.

After verifying the position and geometry, it is noted that the use of simpler geometries is adequate; however, in the
case of the G1 wall (rectangular section), pressures can cause deterioration in the base due to the reduced thickness.
In order to preserve the protective wall integrity, several types of ditches were analyzed, and the results are shown in
Figure 16. These analyses adopted the concrete wall with geometry G1 in position P1. In addition, gauges 7, 8, and 9
were placed on the front face of the wall facing the explosion.

Based on the results (Figure 16), it is possible to observe that ditches and rough soil change the pressure levels
mainly in the regions closest to the ground. These physical barriers were able to significantly reduce the overpressure
peaks in gauges 7 and 8, while in gauge 9 there was no influence. In gauge 7, each ditch's geometry had a different
efficiency, while in gauge 8, there was an approximation between the results.

The ditches exert influence on the shock wave propagation close to the ground, and this was observed
by Soukup et al. [14], who mentions that the wave front bends and leaks into the ditch. This wave leakage into the ditch
relieves the pressures and prevents the formation of the Mach reflection, which tends to originate at the ground surface
when the shock wave reflected from the ground reaches incident one.

In the rough soil case, Lechat et al. [36] observed that roughness induces a delay in the formation of the Mach stem
and also causes a decrease in the amplitude of the reflected shock. These phenomena explain the reduction of pressures
due to the analyzed roughness.
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Figure 16. Overpressure on the protective wall front face (gauges 7, 8 and 9) for each type of ditch.

It was observed that the ditch depth could affect the protection mechanism's efficiency in relieving the shock wave
overpressures. Figure 17 shows the results measured for ditch V3, where its depth (h) was varied, and overpressure
peaks were reduced by up to 28%. For “h” equal to 100 mm, no positive or relevant effect was found that would justify
its use. However, for ditches with greater depths, significant gains were obtained regarding the overpressures reduction.
Furthermore, the results showed that the values converge as the depth increases. Thus, it is noted that excessively large
depths are not necessary to obtain the mitigating effect of the shock wave.

Rev. IBRACON Estrut. Mater., vol. 17, no. 3, 17301, 2024 15/18



T. R. C. Moura, M. L. Costa Neto, and G. N. Doz

40 1 m No ditch

55 V3 (b=100mm)
F 229 = V3 (b—200mm)
s 3071 828
= H30g o e V3 (h=300mm)
= 27 NS S V3 (h=400mm)
- % o5 o
£ 20 1 - - = V3 (h=500mm)
=9
E 15 A
C 10

5 -

0 -

Gauge 7 Gauge 8 Gauge 9

Figure 17. Overpressure on the protective wall front face (gauges 7, 8 and 9) for ditch V3 with different depths.

5 CONCLUSIONS

The analyzes carried out throughout this work sought to verify the protective barrier efficiency against the shock
wave effects from the gas tanks bursting. The proposed models were elaborated and analyzed using Autodyn, which is
a numerical tool based on CFD. As a complement to the numerical model, the TNT equivalent mass was obtained using
an analytical equation. This approach, which combines analytical and numerical methods, proved to be appropriate for
mechanical explosion studies of pressurized gas tanks.

Previously, an analysis of 2D model validation was carried out. The results showed that the physical barrier length
influences the pressure peaks that affect the building. The 2D simulations are valid for the proposed scenario if the
barrier length is equal to or greater than 7 m.

The protective barrier positioning concerning the gas tank and the building directly influences the pressure
incident on the facade. The protective wall closer to the explosion point was observed to be more efficient. This may
be related to the direct incidence region reduction of the shock wave on the facade and also due to the impediment
of the Mach stem formation close to the ground.

Regarding the protective wall cross-section geometry, the results showed that the proposed geometries had similar
results to each other, with only small variations occurring in the overpressure peaks at the measurement points.
The most efficient geometry was the G7a (rectangular section wall with reinforcement in the posterior base), which is
quite simple to build and has a reinforced base. Barriers with curved faces were as efficient as non-curved ones, so their
use is not indicated due to the execution complexity. Regarding the upper edge of the wall, it was observed that there
is some influence on the pressures; however, they were not so significant. In general, it became clear that the simplest
geometries (walls with flat faces facing the explosion point, for example) are appropriate for the protective purpose of
buildings with nearby gas tanks.

The ditch used to relieve pressure on the protective wall proved to be adequate, mainly for the region closest to the
ground. The results showed that the rectangular ditch with a larger opening performed better for the designed purpose.
In addition, it was verified that there is an ideal depth for pressure relief at the measurement points.

It is possible to note that duly validated numerical simulations are essential for understanding the protective barrier
issue in scenarios with a pressurized tank explosion risk. The results presented in this work can be a useful contribution
to assist the safety design of gas central storages, mainly in urban environments. Finally, it can be stated that the
protective barrier use is a good measure in order to protect buildings and relevant places when there is no possibility of
burying the gas tank.
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