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Abstract: Hydrogen gas storage place has been increasing daily because of its consumption. Hy-
drogen gas is a dream fuel of the future with many social, economic and environmental benefits to
its credit. However, many hydrogen storage tanks exploded accidentally and significantly lost the
economy, infrastructure, and living beings. In this study, a protection wall under a worst-case scenario
explosion of a hydrogen gas tank was analyzed with commercial software LS-DYNA. TNT equivalent
method was used to calculate the weight of TNT for Hydrogen. Reinforced concrete and composite
protection wall under TNT explosion was analyzed with a different distance of TNT. The initial
dimension of the reinforced concrete protection wall was taken from the Korea gas safety code book
(KGS FP217) and studied the various condition. H-beam was used to make the composite protection
wall. Arbitrary-Lagrangian-Eulerian (ALE) simulation from LS-DYNA and ConWep pressure had
a good agreement. Used of the composite structure had a minimum displacement than a normal
reinforced concrete protection wall. During the worst-case scenario explosion of a hydrogen gas
300 kg storage tank, the minimum distance between the hydrogen gas tank storage and protection
wall should be 3.6 m.

Keywords: protection wall; composite structure; TNT equivalent method; hydrogen gas explosion;
K&C model; Korea Gas Safety code book

1. Introduction

In recent years, the world has been dealing with the problem of an energy crisis due
to the depletion of resources and increased environmental problems [1]. Hydrogen gas is
an important energy carrier and a potential alternative clean energy fuel with a significant
stake in the global fuel market. Hydrogen gas will be a crucial contribution to sustainable
development because, in the future, it may be produced in virtually unlimited quantities
using renewable energy sources. The major future markets for hydrogen depend upon four
factors: the future cost of the hydrogen, the rate of advances of various technologies that
use hydrogen, the cost of competing energy systems, and potential long-term restrictions
on green gases. Hydrogen holds the promise as a dream fuel of the future with many
social, economic and environmental benefits to its credit. Because of such benefits, the
consumption of hydrogen gas is increasing year by year. Republic of Korea is pursuing
a hydrogen economy for economic growth and industrial competitiveness more than for
climate change objectives. In particular, South Korea sees hydrogen as a potential driver
of economic growth worth $43 billion and 420,000 new jobs [2]. Although it has many
benefits, the accident of hydrogen gas tank explosion can cause massive infrastructure
damage and loss of living beings. Hydrogen used in fuel cells is a very flammable gas and
can cause fires and explosions if it is not handled correctly. The lower and upper limits for
combustion volume percentage in the air of hydrogen gas are 4% and 75%, respectively [3].
Gas explosion accidents frequently happen in Republic of Korea and foreign countries.
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The blast load generated by hydrogen gas tank explosion on structures can be hazardous;
damages and failure are expected, with severe threats to structural safety and human life.
A devastating hydrogen tank exploded at Gangwon Technopark in Gangneung, Rebulic
of Korea, on May 2019, a tanker truck explosion at the Air Product and Chemical facility
in Santa Clara, CA, on June 2019, and an explosion occurred at the hydrogen production
plant in Texas City on June 2020 were the few accidents occurred in past years [4]. Good
standards and best practices are indispensable for planning and installing a large-scale
production and distribution infrastructure in urban areas [5].

Safe practices in the production, storage, distribution, and use of hydrogen are essen-
tial for the widespread acceptance of hydrogen technologies. Hydrogen gas is an aspect
of critical infrastructure that requires attention regarding fire and explosion protection.
Hydrogen vehicles have partnered with major gas distributors to add hydrogen filling
capacity at a regular old gas station, representing a great benefit to getting fuel but bringing
the hazard into the public domain. If hydrogen gas were to leak at a hydrogen refueling
station, the probability of ignition and possible subsequent pressure loads on the sur-
rounding structures would be high. Therefore, it is necessary to design to protect against
the potential for severe damage to the protection wall and serious harm to people in the
region of an accident. Residential areas need to be protected from the spread of fire and
explosions, and protection walls are a perfect solution to avoid damage and liability to
hydrogen gas stations. Reinforced concrete (RC) wall is widely used as a protection wall.
Author studied the reinforced cement concrete wall panels under TNT blast load with
50 and 100 kg. Steel strips improved the blast resistance up to 100 kg of TNT [6]. The
reinforcement ratio in reinforced concrete has influence on the survivability of RC slabs
when subjected to blast loading [7]. The researcher team conducted the hydrogen explosion
test with a barrier wall and measured blast pressure propagation and structural behavior
of the barrier wall [8]. The blast performance of steel-reinforced concrete (RC) beams
experimentally and analytically investigated. It was concluded from the Liu et al. study
that RC beams only suffer flexural deformation. With the decrease in the scaled distance,
damage mode changes from a few cracks on the surface to spallation on the back surface.
In addition, crushing on the top surface occurred. Besides, RC beams suffer more with
the increased charge mass under the same scaled distance [9]. The response of reinforced
concrete panels externally reinforced with steel strips and concluded that in addition to
existing strengthening techniques, steel strips are amongst the most feasible techniques
for strengthening existing structures under blast load. Researchers studied the dynamic
response of typical wide-flange steel beams with an experiment under blast load, and
the effects of charge size and stand-off distance on their behavior were investigated by
measuring their response using various measuring devices. None of the beams experienced
local buckling or another type of local failure; instead, they all exhibited a ductile response
under blast loading [10]. Similarly, other research has been done by researchers under blast
load for composite structure can be found [10-15].

1.1. Objectives

In this study, the dimension of the reinforced concrete protection wall was taken
from the Korea gas safety code book [16], and various numerical simulation analysis was
considered. The primary purpose of this study is to compare a reinforced concrete and
composite structure protection wall for hydrogen gas storage stations to save from serious
harm to people in the region of the accident and residential areas under explosion. In the
code book, minimum height and foundation dimensions are provided but the length of
the wall is missing. The code book does not explain the distance between the hydrogen
gas tank and the protection wall. Researcher studied the prismatic 5.27 m3 volume that
contained 30% hydrogen and 70% air with a thickness of the protection wall 0.15 m, and
the distance of the hydrogen gas prismatic was 2 m and 4 m. Even though the volume of
the prismatic is 5.27 m3, and the distance is 2 m and 4 m, cracks formed after the explosion
on the protection barrier [8]. If the storage tank volume increases, the protection wall
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gets more damage, and concrete fragmentation reaches a far distance. In KGS FP217, the
minimum thickness required for the protection wall is 0.12 m. So, it is necessary to study
the protection wall under hydrogen explosion through numerical simulation. Figure la
shows the hydrogen tank explosion that occurred in Gangneung, Republic of Korea, on
May 2019. There was no secondary fire, and the detonation pressure merely caused the
damage, but within a 15-m distance from the hydrogen tank, the structure beam of the
building was damaged, and most of the windows of the 5-story building, which is about
100 m away and faced to the hydrogen tank, are all crushed. The equivalent TNT is
estimated to be about 50 kg [17]. Figure 1b shows the site visit at the hydrogen station at
Samcheok, Republic of Korea. The thickness of the reinforced concrete is 0.35 m in Figure 1b,
but the distance between the hydrogen gas trailer and the protection wall is 1.53 m. The
distance between the protection wall and hydrogen gas storage follows the International
Fire Code (IFC) 2009 (States, 2007) [18]. Figure 1a shows the damage on hydrogen storage
site after the explosion of hydrogen storage tank. Figure 1b shows the current practice
of barrier wall for hydrogen gas station at samcheok, Republic of Korea during site visit
and Table 1 represents the minimum requirement of barriers wall thickness in different
countries. It is necessary to understand the minimum requirement of barrier wall as in
KGS FP217 is safe or not during hydrogen gas explosion. To understand the damage on
protection wall under hydrogen gas explosion worse-case scenario (300 kg of Hydrogen
gas) and 30 kg of hydrogen gas explosion was carried out through TNT equivalent method
and simulation was done with LS-DYNA. Very limited research has been done on hydrogen
gas explosions nearby barrier walls.

(b)

Figure 1. (a) Hydrogen tank explosion occurred in Gangneung, Republic of Korea on May 2019;
(b) Hydrogen gas station site visit at Samcheok, Republic of Korea.

Table 1. Minimum requirement of barriers wall thickness in different countries [16,19].

Country Minimum Requirement of Barrier Wall
Republic of Korea 120 mm
Japan 120 mm
France Simple wall satisfying REI120 of European fire resistance class

1.2. Composite Structure

Composite structures are composed of at least two materials. For example, concrete
comprises gravel, sand, and cement. Metal rebar is usually incorporated for strength, so
reinforced concrete is helpful in construction. Therefore, reinforced concrete structures are
widely used in the construction industry. Reinforced cement concrete (RCC) structures
are designed for specific loading. However, these structures face severe loading due to
frequent hydrogen explosion accidents. Due to the extensive dynamic loading, reinforced
cement concrete structural members fail, and casualties/injuries occur. Therefore, studying
composite structures to make protective structures under explosion load is essential. In



Appl. Sci. 2023,13, 3744

4 of 24

this study, H-beam was used to make a composite structure because of its strength, rigidity,
and greater moment of inertia, H-beam can be used for a span of up to 100 m, and it can be
made in any size or height.

1.3. Importance of Study

Production and use of hydrogen gas are increasing year by year. Hydrogen is the most
potent means of achieving the zero-carbon goal. Republic of Korea will achieve carbon
neutrality by 2050 by replacing coal-fired power generation with renewable sources and
internal combustion engine vehicles with hydrogen-powered and battery-based electric
vehicles. The Chinese government released the country’s first-ever long-term plan for
hydrogen, covering the period of 2021-2035 [20]. The plan laid out a phased approach to
developing a domestic hydrogen industry and mastering technologies and manufacturing
capabilities while pointing to the country’s carbon peaking and neutrality commitments
as overarching drivers. The Japanese government has set ambitious goals for a carbon-
neutral future to enhance its energy security. It plans to establish a full-scale international
hydrogen supply chain to cut the cost of hydrogen by 2030 [21]. In order to promote the
development of a strong domestic market, Germany plans to build its first green hydrogen
generation plants with a total capacity of up to five gigawatts (GW) by 2030, including
the construction of the offshore and onshore infrastructure needed. Safe practices in the
production, storage, distribution, and use of hydrogen are essential for the widespread
acceptance of hydrogen technologies. Hydrogen gas is an aspect of critical infrastructure
that requires attention regarding fire and explosion protection. If hydrogen gas were to
leak at a hydrogen refueling station, the probability of ignition and possible subsequent
pressure loads on the surrounding structures would be high. Therefore, it is necessary to
design to protect against the potential for severe damage to the protection wall and serious
harm to people in the region of an accident. China has the greatest number of hydrogen fuel
stations of any country worldwide. As per April 2022, there were 250 operational hydrogen
refueling stations in the country. This was followed by japan with 161 and Korea with
141 such stations [22]. Table 2 shows the number of hydrogen fueling stations of different
countries and this data is not the worldwide data. Figure 2a shows the cumulative number
of hydrogen fueling stations of different countries [23]. Figure represents the number of
hydrogen fueling stations in different countries with forecasts up to 2030. It is expected
that there will be around 520 hydrogen stations in Korea. Figure 2b shows the hydrogen
demand worldwide from the 2019 to 2021, with a forecast for 2030 and it is expected to
double by 2030 [24].

Table 2. Number of hydrogen fueling stations in different countries (2022).

Country Number of Hydrogen Fueling Stations (2022)
China 250
Japan 161
Republic of Korea 141
Germany 93
France 21
Netherlands 11

Canada 9
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Figure 2. (a) Cumulative number of hydrogen fueling stations from 2018 to 2030; (b) Hydrogen
demand worldwide from 2019 to 2021 with forecast for 2030.

2. TNT Equivalent Method
2.1. Composite Structure TNT Equivalent Method for Hydrogen Gas in Liquid Form

A common approach for determining the damage caused by hydrogen explosion con-
sists in estimating the TNT equivalent method. In vapor cloud explosions, the equivalent
mass of TNT can be calculated using the expression 1. As hydrocarbons, the most common
substance involved in vapor cloud explosion is fairly poor explosives, only a small part
of the energy released is used to create the blast wave; different authors have proposed
values between 1% to 10%. Although the value of explosion efficiency () is probably
influenced by the reactivity of the fuel involved and the eventual partial confinement of
the cloud, the currently accepted value is 1%. The main features of TNT and vapor cloud
explosions are different; TNT is a high-energy density explosive, and vapor clouds are a
low-energy-density source. TNT explosions are detonations, while vapor cloud explosions
are deflagrations i.e., the shape and the velocity of their respective blast waves are different.
Furthermore, it is essential to consider that if another alternative method is used, it will be
subject to errors arising from uncertainties regarding the size, shape, and composition of
the vapor cloud and the influence of the confinement and congestion of the areas covered
by the flammable mixture. Therefore, as the TNT equivalency method is straightforward, it
remains widely used [25]. This method is taken from the reference [26], and calculation
from expression was of 300 kg [27] of hydrogen tank and worst-case scenario explosion
was taken. In the present 4% to 75% hydrogen ratio with air, exploding can occur [26].
For this study, a 75% hydrogen volumetric with air was taken. From the expression 1 the
equivalent weight of TNT is 69.7 kg.

Qn,

QTNT

MrnT = 1My, 1)

where,

Mpp is mass of the hydrogen gas = 300 kg

Qnp is Explosion energy of Hydrogen gas = 142.5 M] /kg

Qrnr is explosive energy of TNT = 4.6 M] /kg

1 is Explosion efficiency (this value is from 0.01 to 0.1) but for this study 0.01 was taken.

After the validation procedure of the model, author confirm that an explosion efficiency
of 0.01 is more representative for high pressure hydrogen cylinders explosion [28].

2.2. Blast Wave Process

An explosion is a sudden process with rapid release of energy. This process last only
for few milliseconds and produce a very high pressure and temperature. The blast wave
effects of an explosion are in the form of a shock wave composed of a high-pressure shock
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front which expands outward from the center of the detonation, with the pressure intensity
decaying with distance. The wave front impinges a protective structure; the shock pressures
will engulf a portion of the structure or the structure as a whole. The distribution and
magnitude of the blast loads on the structure depend upon the type of explosive material,
the weight of the explosive, the location of the explosion relative to the protective structure,
and the interaction of the shock front with the ground or the protective structure itself.
Figure 3 shows the pressure and time relation at the free air blast wave. The surrounding
ambient pressure Py increases to a peak pressure at a time of ty, and at a time to™ to the
pressure reduced to ambient pressure which is called positive phase. And this is followed
by a negative pressure wave with duration, ty~. In Figure 2 i is positive impulse and is~ is
negative impulse.

Overpressure
Positive
mpubedd Negative
impulse (i;)
Ambient t+tots
Pressure Arrival  ta N Tttty —t —
(Po) A tistie | Positive Phase | Negative Phase ‘
| ts l. Ty [ % |

Figure 3. Pressure and time relation at the free air blast wave.

3. Finite Element Modeling
3.1. Modelling of Protection Barrier Wall

The dimension of the model was taken from the code book to analyze the current
practice for the minimum requirement of protection walls during a hydrogen gas explosion.
The compressive strength of the concrete was 35 MPa. The height of the TNT from the
ground level is 0.55 m. The distance between TNT and the protection wall was 1.6 m
to 3.6 m to understand the behavior of the explosion effect on the protection wall under
different distances. TNT equivalent method was used to convert the hydrogen gas tank
explosion [26,28,29]. The weight of TNT was 69.7 kg at 75% limits for combustions in
the air by volume. With the TNT equivalent, it was possible to predict the damage on
the protection wall from simulation. The widely used concrete model implemented in
LS-DYNA, the Karagozian & Case concrete material model, was used. Later the thickness of
the protection wall increase from 0.12 m to 0.16 m and 0.2 m. Figure 4 shows the dimension
of the foundation with different wall thickness.

190 mm 240 mm
— , mm
155 mm~—er—o- 155 mm 155 mm 550" | 1%°

Concrete Pedestal

2> 300 mm

500 mm 550 mm

(b) (c)

Figure 4. (a) KGS FP127 model dimension with 120 mm protection wall thickness; (b) Model
dimension with 160 mm protection wall thickness; (c¢) Model dimension with 200 mm protection wall
thickness.
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To improve the effect of blast load on the protection wall, H-beam was used as
a composite structure. The dimension of the H-beam for wall thickness of 120 mm is
breadth =240 mm, height = 160 mm, thickness = 10 mm. The compressive strength of the
concrete was 35 MPa. H-beam was installed at an interval of 2 m. For a 10 m length of
protection, all 4 numbers of H-beam can be placed. For the second case, the thickness of
the wall was increased from 120 mm to 200 mm to understand the behavior of the barrier
wall under hydrogen gas tank explosion, and only the barrier wall was considered for
the simulation. Protection walls with a reinforced concrete structure and steel-concrete
composite beams were analyzed under blast load. The position of the H-beam is shown
in Figure 5. 16 mm of reinforcement was placed inside of protection wall. A detail of
reinforcement is shown in Figure 6. The clear cover for the protection wall was 20 mm.

Rebar
s
//i/Y
== |
(a) (b)

Figure 5. (a) LS-DYNA model for simulation; (b) LS-DYNA model with composite structure.

16 mm © @ 200 mm

wu (g

i
Proteclionlwall 10,000 mm

16 mm © @ 200 mm

e

Figure 6. Detail reinforcement of protection wall (not in scale).

3.2. Material Model from LS-DYNA
3.2.1. Concrete Model

LS-DYNA material library has different material models for concrete. Comparative
studies between different models have been widely conducted in the past, and the blast
analysis is mainly performed by using the commercial program, and LS_DYNA is widely
adopted. Among concrete constitutive models introduced in LS-DYNA, the K&C and
CSCM models are plastic-based damage models developed based on plain concrete [30-34].
In this paper, the MAT_72R3 model allows parameters to be automatically generated based
on the unconfined compressive strength as the only input parameter. The automatically
generated parameters reflect the behavior of a regular concrete material under blast load
and thus are employed in the finite element (FE) models. The model was developed by
Malvar [30] based upon a plasticity model produced particularly for concrete and can be
customized to define the distinct characteristics of concrete. *MAT_ADD_EROSION was
assigned to MAT_72R3 for element erosion. The finite element mesh size for this study’s
concrete structural part is 20 mm. Table 3 represents the material properties of concrete.
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Table 3. Concrete materials properties (K&C model).

Parameter Value
Density 2.4 x 107° kg/mm3
Compressive Strength 0.035 GPa

3.2.2. Reinforcement and H-Beam

The behavior of the H-beam was modeled using the material card MAT_JHONSON_COOXK,
a constitutive model with its complementary damage model [35]. The JC constitutive model
parameters, the physical and mechanical properties of steel used to and simulate the H-beam
under explosion. Different researchers in previous studies have effectively utilized this mate-
rial model to predict the material behavior of steel [36,37]. Table 4 shows the JC constitutive
model parameter of Steel. The equation of state (EOS) for H-beam, LINEAR_POLYNOMIAL
was used with an input of bulk modulus. MAT_PLASTIC_KINEMATIC model was used for
reinforcement. The Young modulus and poison ratio of plastic kinematics were 200 GPa and
0.3, respectively.

Table 4. Properties of rebar and H-beam.

MAT_JHONSON_COOK MAT_PLASTIC_KINEMATIC
Parameters

(H-Beam) (Steel Rebar)
Density 7.85 x 107% kg/mm? 7.85 x 107% kg/mm?
Young’s modulus 200 GPa 205 GPa
Poison ratio 0.26 0.3
Shear Modulus 88 GPa
Yield stress 0.42 GPa
Strain rate parameter (SRC) 40.4
Strain rate parameter (SRP) 5
Failure strain (FS) 0.25
A 0.28 GPa
B 0.5 GPa
N 0.26
C 0.22
M 0.91
Damage (D1) 0.40
Damage (D2) 1.10
Damage (D3) 0.1
Damage (D4) 0.009
Damage (D5) 0

3.2.3. TNT, Air and Soil

The air domain was modeled with ALE elements with *NULL material, and the TNT
explosive was modeled with ALE elements with *“MAT_HIGH_EXPLOSIVE_BURN material
card available in the LS-DYNA material library. The mesh size for the TNT, air, and soil was
100 mm. The equation of state (EOS) for air and explosive were LINEAR_POLYNOMIAL and
JONES_WILKINS_LEE (JWL), respectively. An explosion in the air creates a spherical shock
wave that travels outward from the bursting point with diminishing velocity. The soil domain
was modeled with ALE elements with *MAT_SOIL_MATERIAL_MODEL_147 material card
available in LS-DYNA. Parameters of air, TNT, and soil are shown in Table 5.
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Table 5. Materials properties of air, TNT and soil [38].

Component Unit (kg, mm, ms)
MAT_NULL
RO PC MU TEROD CEROD ™ PR
1.293 x 10~°? 0 0 0 0 0 0
Adr *EOS_LINEAR_POLYNOMIAL
Co C1 C2 C3 C4 C5 C6
0 0 0 0 0.4 0.4 0
EO Vo
2.50E—04 1
*MAT_HIGH_EPLOSIVE_BURN
RO D PCJ BETA K G SIGY
INT 1.630 x 10~ 8193 28 0 0 0 0
*EOS_JWL
A B R1 R2 OMEG EO Vo
609.772 12.95 45 14 0.25 9 1
RO NPLOT SPGRAV RHOWAT VN GAMMAR ITERMAX
Soil 2.35E—06 3 2.79 1.0 x 107 1.1 0 10
K G PHIMAX AHYP COH ECCEN Ay
0.00325 0.0013 1.1 1.0 x 1077 6.2 x 1076 0.7 0.0

3.2.4. Boundary Condition and Mesh

The denotation point of the TNT was at the center of the TNT. The Arbitrary-Lagrangian-
Eulerian (ALE) method was used, which is a straightforward modeling strategy for modeling
shock wave propagation. The explosive and the air are separately modeled using the ALE
formulation with a multi-material option. Appropriate Equations of State (EOS) were as-
signed to the materials (explosive and air). A HIGH_EXPLOSIVE_BURN model governs
the detonation process of the high-explosive material. *CONSTRAINED_LANGRANGE
_IN_SOLID was input to coupling ALE and Lagrangian. Similarly, *CONSTRAINED
_LANGRANGE_IN_SOLID contact was used between reinforcement, H-beam and concrete.
The shock wave travels through the ALE air domain and then impinges the target structure.
Lagrangian elements discretize the target structure. The base of the foundation and soil was
fixed boundary condition. The bottom of the wall was fixed for the simulation of only a
protection wall with different thicknesses. Non-reflective boundary condition was applied
to all sides ALE air except the bottom face. The mesh size of the domain air was 100 mm,
whereas the mesh size of the protection structure was 20 mm.

3.2.5. Simulation Analysis of Previous Study [39]

In this section, the experimental study of had been analyzed and the displacement of
the slab was compared with experimental study. The 1 m x 1 m square reinforcement slab
with 0.04 m thickness was modelled as in experiment and run the simulation. The TNT
amount was taken as 0.2 kg and 0.31 kg. The concrete had a cylinder compressive strength
of 39.5 MPa. The explosive charges located at a 0.4 m standoff above the slabs. In this study
the materials properties and the blast load method was taken as mention above and the
simulation displacement was compared with the experimental data. This study had a close
displacement result with experimental data as shown in Figure 7 and Table 6. Same blast
load was applied for the protection wall under explosion.
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Figure 7. Displacement vs time graph from simulation results.

Table 6. Compare present study with previous study.

Central Central Central Central Central
. Displace- Displace- Displace- Displace- Displace-
Variable TNT(IZV flght ment form ment from ment from ment from ment from Error (%)
8 Experiment Simulation Simulation Simulation This Study
[39] (mm) [39] (mm) [40] (mm) [41] (mm) (mm)
1 0.2 10 8 8.8 8.15 9.25 8.1
2 0.31 15 13 12.7 12.25 14.39 4.23
4. Results

4.1. Compare between ConWep and ALE Incident Pressure

This section compares the spherical free air blast incident pressure between ConWep
and ALE and shown in Table 7. ConWep is a collection of conventional weapons effects
calculations from the equations and curves of TM 5-855-1, “Fundamentals of Protective
Design for Conventional Weapons”. ConWep is based on the empirical model described
in the TM5-855 US army handbook [42]. The blast effects of an explosion are in the form
of a shock wave composed of a high-pressure shock front which expands outward from
the center of the detonation, with the pressure intensity decaying with distance. Figure 8
and Table 6 show the results from the ConWep and ALE simulation. Scale distance for TNT
and position of wall are 0.421 m/kg'/3, 0.665 m/kg!/3 and 0.908 m/kg!/3. Scale distance
is a distance between protection wall surface and the denotation point of TNT. For ALE
simulation, the peak pressure reaches faster, and the blast wave becomes zero within a
short time than the ConWep, but the peak pressure is similar. At a distance of 1600 mm
the error (%) is high, and for others, the error (%) is less. There is good agreement between
the ConWep and ALE simulation methods for incident pressure generated from 69.7 kg of
TNT after explosion.

Table 7. Compare peak pressure between ConWep and LS-DYNA.

Peak Pressure (kPa)

Distance (mm) ConWep LS-DYNA Error (%)
1600 3433 3234.83 5.77
2600 1564 1588.02 1.54

3600 857 872.74 1.84
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4.2. Displacement Results from Simulation

In this simulation the displacement was taken from elements at different position as
shown in Figure 9a. The displacement was taken from the back side of the protection wall
structure red dot represents the probe position in structure. The total termination time
for the simulation is 10 milliseconds. RC16_120 represents the reinforced protection wall
and the stand-off distance between the structure and TNT is 1.6 m with the thickness of
protection wall is 0.12 m. Similarly, H_beam16_120 represents the composite protection
wall structure with 0.12 m thickness. Denotation of variables follows same notations for
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Figure 9. (a) Position of displacement probe; (b) Reinforced and composite protection structure
displacement at a distance of 1.6 m from different elements; (c) Reinforced and composite protection
structure displacement at a distance of 2.6 m from different elements; (d) Reinforced and composite
protection structure displacement at a distance of 1.6 m from different elements; (e) Reinforced
and composite protection structure displacement at a distance of 2.6 m from different elements;
(f) Reinforced and composite protection structure displacement at a distance of 1.6 m from different
elements; (g) Reinforced and composite protection structure displacement at a distance of 2.6 m from
different elements; (h) Reinforced and composite protection structure displacement at a distance of
3.6 m from different elements.
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RC_16_120 represents the reinforced protection wall and the stand-off distance be-
tween the structure and TNT is 1.6 m with the thickness of protection wall is 0.12 m.
Similarly, H_beam16_120 represents the composite protection wall structure with 0.12 m
thickness. From Figure 9a, the displacement is higher than the other variables. Installation
of H-beam reduced the displacement but the difference is minimum during worse-case sce-
nario. Increasing the thickness of the protection wall reduce the displacement of elements
after explosion. Figure 9h had a minimum displacement at probe D1, D5 and D9 ata 3.6 m
stand-off distance between protection wall and TNT. In Figure 9b,f, D3, D7 and D11 had
lower displacement than the D1, D5 and D9 this represents that the blast wave damage
more at the shortest distance.

4.3. Failure on Reinforced Concrete and Composite Protection Wall during Worse Case Scenario of
Hydrogen Gas Explosion

An explosion is a sudden process with rapid release of energy. This process last only
for few milliseconds and produce a very high pressure and temperature. In this simulation
the position of the TNT is 0.55 m from the ground level but the denotation point is at the
center of TNT. The total termination time for the simulation is 10 ms. Figures 10 and 11
shows the failure of reinforced concrete and composite protection wall during worse-case
scenario of hydrogen gas explosion and an index of damage with strain softening. As the
distance increase the damage area on the protection wall was reduced for wall thickness of
0.12 m. But the stand-off distance till 3.6 m for 0.12 wall thickness is not sufficient to resist
blast wave. Fragmentation area of protection wall is also high and can cause secondary
accident during worse-case scenario and erosion of concrete elements is high in Figure 10
the erode elements had no color. Increasing the stand-off distance and thickness of wall i.e.,
at 3.6 m and wall thickness of 0.2 m for reinforcement concrete protection wall the damage
area is lower than 0.12 m and 1.6 m of stand-off distance. Using of H-beam as a composite
structure the damage area on the protection was area was comparatively lower than the
reinforced concrete.

4.4. Failure on Reinforced Concrete and Composite Protection Wall during 30 kg of Hydrogen
Gas Explosion

From equation 1 the TNT equivalent of 30 kg of hydrogen gas cylinder was 6.93 kg. In
this simulation the position of the TNT is 0.55 m from the ground level but the denotation
point is at the height of 0.75 m from the ground level. The total termination time for the
simulation is 10 milliseconds. Figures 12 and 13 shows the failure of reinforced concrete
and composite protection wall during 30 kg of hydrogen gas explosion. As the distance
increase the damage area on the protection wall was reduced for wall thickness of 0.12 m.
But the stand-off distance till 3.6 m for 0.12 wall thickness is not sufficient to resist blast
wave. But the fragmentation of protection wall reduced compare with worse-case scenario
explosion. Increasing the stand-off distance and thickness of wall i.e., at 3.6 m and wall
thickness of 0.2 m for reinforcement concrete protection wall the damage area is lower
than 0.12 m and 1.6 m of stand-off distance. Using of H-beam as a composite structure
the damage area on the protection was area was comparatively lower than the reinforced
concrete. For 30 kg hydrogen gas explosion under this scenario using of H-beam can reduce
the damage on protection wall at the wall thickness of 0.2 m.



Appl. Sci. 2023, 13, 3744 14 of 24

2.00
i 1.80
| 1.60

1.40

in i1 q Wil ik A0
T i 1.00 _
T 5 B 0.80 _

/ . 0.60 _

0.40 _

! 0.20 _|

0.00

(c) Effective Plastic Strain
2.00
1.80
1.60
1.40

1.20 _
1.00 _
0.80 _
0.60 _
0.40 _
0.20 _
0.00 _

(f) Effective Plastic Strain
2.00
1.80
1.60
1.40

A 1
G 2 W 1.20 _
K t -‘ 1.00 _
e U 0.80 _
e { 0.60 _
i 0.40 _
s ol . AN 0.20 _|
— 0.00 _|

(h) RC_16_200 (back view) (i) Effective Plastic Strain
T 2.00
0 1.80
v 1.60
] 1 1.40

il 1.20 _

T T | 1.00 _
! | 1l 0.80 _

) ) | 0.60 _

i 0.40 _

" i 0.20 _

0.00

| o

(j) RC_26_120 (front view) (k) RC_26_120 (back view) (1) Effective Plastic Strain

Figure 10. Cont.



Appl. Sci. 2023, 13, 3744 15 of 24

2.00
1.80
1.60
1.40

1.20 _
1.00 _|
0.80 _
0.60 _
0.40 _
0.20 _|
0.00 _|

(o) Effective Plastic Strain

2.00
1.80
1.60
1.40

1.20 _
1.00 _|
0.80 _|
0.60 _|
0.40 _|
0.20 _|
0.00 _|

(r) Effective Plastic Strain
2.00
1.80
1.60
1.40

1.20 _
1.00 _
0.80 _
0.60 _
0.40 _
0.20 _|
0.00 _|

(u) Effective Plastic Strain
2.00
1.80
1.60
1.40

1.20 _
1.00 _
0.80 _
0.60 _
0.40 _
0.20 _|
0.00 _|

(x) Effective Plastic Strain
2.00 _
1.80 _I
1.60 _|
1.40 _
1.20 _
1.00 _|
0.80 _|
0.60 _|
0.40 _|
0.20 _|
0.00 _|

(y) RC_36_200 (front view) (z) RC_36_200 (back view) (Aa) Effective Plastic Strain

Figure 10. Effective plastic strain on reinforced concrete with different thickness and stand-off distance during Worse Case Scenario.



Appl. Sci. 2023, 13, 3744 16 of 24

2.00
180.
1.60

1.40

(f) Effective Plastic Strain
2.00 __
1.80 _|
1.60
1.40
1.20
1.00
0.80

0.60 _
0.40 _
0.20 _|
0.00 _|

(i) Effective Plastic Strain
2.00

1.80 _I
1.60 _

0.00 _|

(m) H-beam_26_160 (front view) (n) H-beam_26_160 (back view) (o) Effective Plastic Strain

Figure 11. Cont.



Appl. Sci. 2023, 13, 3744 17 of 24

2.00 _
1.80 _|
1.60 _
1.40 _

1.20 _ il
1.00 _|
0.80 _|
0.60 _
0.40 _
0.20 _ |
0.00 _|

(r) Effective Plastic Strain
2.00 _
80 _ |
60 _
1.40 __

1.20 __
1.00 _
0.80 _
0.60 _
0.40 _
0.20 _|
0.00 _|

(s) RC 36 120 (front view) (t) H beam_36_120 (back view) (u) Effective Plastic Strain
i 2.00 _

1.80 _|
1.60 _
1.40 _

1.20 _ |
1.00 _
0.80 _
0.60 __
0.40 _
0.20 _
0.00 _

(x) Effective Plastic Strain
2.00 __
1.80 _
1.60 _
1.40 _

1.20 _ i
1.00 _
0.80 _
0.60 __
0.40 __
0.20 _
0.00 _|

(y) H-beam_36_200 (front view) (z) H-beam_36_200 (back view)) (Aa) Effective Plastic Strain

Figure 11. Effective plastic strain on composite structure protection wall with different thickness and stand-off distance during Worse Case Scenario.
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5. Conclusions

This study evaluates the finite element analysis of the reinforced concrete protection
wall model from the KGS FP217, and composite structures were performed to investigate
the behavior of the protection wall under a hydrogen gas tank explosion in a worst-case
scenario through the TNT equivalent method. In addition, this study also compares the
spherical free air blast between ConWep and ALE simulation with different distances
between TNT and the protection wall. Following are the conclusion from this study.

1. To decrease the displacement and cracks on the structure after an explosion, the
placement of an H-beam and reinforcement technique should be used. The use of an
H-beam in reinforced concrete improves blast performance by increasing the blast capacity
and better controlling displacement. In comparison with the distance between reinforced
concrete protective structure at 1.6 m and 3.6 m the displacement reduce from 250 mm to
109 mm at wall thickness of 0.12 m, whereas for the composite structure the displacement
reduce from 245 mm to 68 mm.

2. Blast scenario could be infinite, and with increasing the standoff distance, pressure
values, damage, and displacement values decrease. When the standoff distance between
the protection wall and the explosion is the same for reinforced concrete and composite
structure protection wall, the deflection at the center is nearly the same, but with increasing
the distance between the explosive and protection wall, the displacement and damage
on the structure reduce. At a standoff distance of 1.6 m the structure collapsed, and at a
distance of 3.6 m the structure had moderate damage after an explosion for worse-case
scenario. When the thickness of the protection wall increased to 200 mm the structure
gets low damage for both reinforced and composite structure. At the distance of 3.6 m the
displacement decreases from 109 mm to 53 mm for reinforced concrete protection wall with
the thickness of 0.12 m and 0.2 m, respectively.

3. According to simulation results for the worst-case scenario, the minimum require-
ment of the barrier wall, as in KGS FP217, is not safe at a distance of 1.6 m after the hydrogen
gas tank explosion. During the site visit to hydrogen gas storage, it was found that the
distance between the protection wall and storage was 1.53 m. Moreover, the minimum
distance between the protection wall and the hydrogen gas tank is not mentioned in the
code book. Incident pressure obtained from the ALE simulation and ConWep during the
worst-case scenario explosion of different variables may be taken as a guideline for the
selection of protection structure and standoff distance between the protection wall and
hydrogen gas tank storage.

4. Use of H-beam as a composite structure during 30 kg of hydrogen gas explosion
had minimum damage at a stand-off distance of 3.6 m compare with worse -case scenario.

5. Good agreement between ConWep and ALE simulation for incident pressure at
spherical free-air burst. This incident pressure can be taken as a reference to predict the
blast pressure.
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