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Abstract 

Ammonia is a toxic gas and can cause tragic consequences for humans. The damage level 

depends on concentration and duration of exposure. The security length associated with the 

risk of a tank leak at the acute exposure level of 30 ppm (AEGL-1) has been computed. Two 

tools have been combined: the CTOA criterion and the ALOHA software. The CTOA, a measure 

of fracture resistance against ductile crack propagation, is implemented in Abaqus software 

to compute the size of a breach in a tank submitted to internal pressure. This breach is 

assumed to be initiated by a gouge-dent defect provoked by a shock. The ALOHA software 

introduces the tank's characteristics, contents, and breach size. This allows us to determine 

and visualize the security length. The security length depends on geographic and climatic 

conditions, and for an incident localized in Metz (France), a value of 436 m was found. The 

effects of internal temperature, wind speed, and breach position are studied. A comparison 

for the same reference state with hydrogen is also made. 
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1. Introduction 

Using ammonia as a hydrogen carrier is a promising approach in the energy field [1]. (NH3) is a 

molecule that can be produced on a large scale from hydrogen and nitrogen, two abundant 

components in the atmosphere. Once  created, it can be stored and transported relatively quickly, 

making it an attractive hydrogen carrier for energy. In the energy context, several ways for the use 

exists: 

- Hydrogen storage: It can store large quantities of hydrogen at relatively high energy densities. 

It can be stored in liquid form at moderate temperatures and pressures, making it more 

practical than storing compressed or liquefied hydrogen gas [2]. 

- Hydrogen Transportation: It can be transported by pipeline, tanker truck, or ship, providing 

an alternative to liquid or gaseous hydrogen transportation infrastructure. 

- Fuel [3] can be used directly in internal combustion engines or fuel cells. When burned, it 

produces only water and nitrogen as combustion products, making it cleaner than traditional 

fossil fuels. 

It can be used for hydrogen production with much lower CO2 production than steam methane 

reforming and coal gasification (7-29 kg and 14-60 kg CO2 emissions per kg of hydrogen 1.6 to 1.8 

and 2.5 to 3.8 tonnes of CO2 per tonne produced). 

Green hydrogen [4]: it can be produced from green hydrogen, that is, from renewable energy 

sources such as solar, wind, hydropower, and atmospheric nitrogen. This makes it a hydrogen vector 

compatible with an energy transition towards more sustainable and renewable energy sources. 

(NH3) has attracted much attention thanks to its high hydrogen content and ease of liquefaction 

under favorable temperature conditions: boiling point of -33°C under normal pressure conditions. 

The risk of this gas causing combustion and explosion is much lower than that of other gaseous 

and liquid fuels, mainly hydrogen. Like most chemicals, ammonia is dangerous if inhaled and 

potentially fatal when exposed at a concentration between 2000 and 3000 ppm in the air within 

half an hour. The toxicity is associated with its high solubility and alkalinity, which results in solutions 

that make it an aggressive agent for mucous membranes and lungs [5]. It is easily detectable at a 

concentration above 5 ppm, emitting a pungent and suffocating odor. The smell becomes 

particularly penetrating beyond 50 ppm [6]. Standards for human exposure to this gas have been 

established and vary depending on legislation and duration of exposure. 

Therefore, risk assessment and prevention are mandatory for the use and transportation. In 

1990, an ammonia leakage in Cuba caused six deaths, and more than 400 people were intoxicated. 

Hence, risk assessment is essential to the chemical sector. In 1990, an accidental ammonia 

leakage in the Cuban city of Matanzas caused six deaths, while more than 400 people were 

intoxicated [7]. In Brazil, the same type of incident occurred and caused the death of two workers 

and numerous intoxicated people [8]. In 2010, an ammonia leakage accident happened in the 

United States of America, and more than 120 people were intoxicated [9]. 

The failure initiation in a pressure vessel is generally followed by dynamic crack extension. Such 

disasters cause significant financial losses and mainly human risk due to the toxicity of the content, 

in the case of ammonia. It should be avoided as much as possible or limited to a short portion of the 

vessel. Therefore, an important question is if and when the fracture will stop. The propagation of 

brittle cracks can be successfully avoided using high-toughness steel; common ductile fracture 

remains the most critical failure mode. Dynamic ductile crack propagation occurs when the energy 
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of the driving force, caused by the internal pressure of the pipe, exceeds the resistance to crack 

propagation. In fracture mechanics, the resistance to crack propagation can be expressed by the 

experimental propagation resistance curve crack spacing R curve (CTOD) or crack opening angle 

(CTOA) [10, 11] as a function of the crack extension Δa. 

The CTOA or crack opening angle is geometrically defined at the crack tip (Figure 1) 

𝐶𝑇𝑂𝐴 = Ψ = 𝑎𝑟𝑐𝑡𝑔 (
𝛿

𝑑
) (1) 

 

Figure 1 Definition of CTOA. 

In terms of the limit state, the arresting pressure can be predicted by solving the equality 

between the vessel's toughness and crack opening stress, which depends on its dimensions, the 

internal pressure and the material. The arresting pressure can be predicted by solving the equality 

between the stress state at the crack tip and the local resistance to crack extension: 

〈𝜎𝑖𝑗(𝑝)〉 = 〈𝜎𝑖𝑗,𝑐(𝑝𝑎𝑟)〉 (2) 

where par is the stopping pressure. The following new condition can transform the arrest condition: 

CTOA(p) = CTOAc(par) (3) 

CTOA is the opening angle of the crack tip induced by the current pressure, and CTOAc is an 

expression of material toughness. A coupled gas-structure problem gives the conditions for crack 

propagation or arrest. Depressurization due to a crack opening will cause gas to flow out of the pipe. 

This induces depressurization waves propagating in opposite directions from the crack apices. The 

speed of crack propagation is controlled by the pressure distribution on the pipe [12]. If the 

decompression wave is faster than the crack propagation, the pressure at the crack tip will decrease, 

and the crack will stop. 

This paper aims to calculate the necessary safety perimeter when a truck transporting gaseous 

ammonia is subject to a significant leak. For this, we use 2 essential elements: the concept of CTOA 

and security perimeter calculation software called ALOHA. 

The procedure is as follows: 

- Calculation of the conditions for initiating a rupture from a pre-existing defect consisting of a 

dent combined with scratching, 

- Calculation of the fracture propagation conditions using the CTOA concept, 

- Calculation of the conditions for crack arrest, calculation of the breach surface, 

- Calculation of the conditions for the flow of gas escaping from the reservoir, 
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- Application of ALOHA software for calculating the security perimeter. 

2. ALOHA Software 

ALOHA (Areal Locations of Hazardous Atmospheres) is a standalone application software 

developed and supported by the National Oceanic and Atmospheric Administration (NOAA) in 

collaboration with the Environmental Protection Agency (EPA). Its main objective is to estimate the 

extent of spatial hazards linked to chemical spills [13]. It is applicable when wind speed is greater 

than 1 meter per second at a height of 10 meters, and it is unsuitable for very low wind speeds or 

calm conditions [14]. 

ALOHA uses two dispersion models: dispersion Gaussian and the dispersion of heavy gases. He 

chooses between the two based on chemical properties and the quantity of gas. A gas heavier than 

air is determined based on its molecular weight. Ammonia is a gas lighter than air but behaves like 

a heavy gas if released from a liquefied state [15]. The ammonia is in liquid form in the tank; 

therefore, the heavy gas model is the model of choice for all calculations performed. It is based on 

the DEGADIS model [16]. The movement of air above the blanket generates a dense column of gas. 

The cover is described as a cylindrical volume of gas extending laterally. To facilitate the calculations, 

the cylindrical cover is considered a square prism with the same volume and height. We assume the 

column comprises a homogeneous horizontal core with a width of 2b, presenting a vertical 

dispersion and edges of Gaussian distributions. As the column evolves from stratified shear flow 

stable towards passive turbulent diffusion, the width of the homogeneous core gradually decreases 

until it becomes zero. 

The following equation, which expresses the pollutant's concentration, applies in both regions. 

𝐶(𝑥, 𝑦, 𝑧) = 𝑐𝑔 exp [(−
|𝑦| − 𝑏(𝑥)

𝑠𝑧
)

2

− (
𝑧

𝑠𝑧
)

1+𝑛′

]  𝑖𝑓 |𝑦| > 𝑏 (4𝑎) 

𝐶(𝑥, 𝑦, 𝑧) = 𝑐𝑔 exp [− (
𝑧

𝑠𝑧
)

1+𝑛′

]  𝑖𝑓 |𝑦| ≤ 𝑏 (4𝑏) 

With 

 cg: the concentration at ground level in the central axis (ppm), 

 Sy: the lateral dispersion parameter (m), 

 Sz: the vertical dispersion parameter (m), 

 b: the half-width of the homogeneous section of the core (m), 

 constant n′ in the wind profile according to the power law. 

3. Vessel and Material 

Cargo tanks are widely used worldwide for ammonia transportation, usually for distances less 

than 150 km. This characteristic is a consequence of the relatively higher cost of this method 

compared with the other transportation modes in North America, ammonia is transported in MC331 

cargo tanks as a pressurized liquid [17]. In Germany and other European countries, liquid and 

aqueous ammonia tank cars have a volume of 100 and 30 m3, respectively [18]. The dimensions of 

the studied tank are given in Table 1. 
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Table 1 Dimensions of the studied tank. 

Volume Total length (m) External diameter (m) Wall thickness (m) 

30 m3 16.7 1.567 0.0158 

The service pressure is 2 MPa. At this pressure and a temperature of -40°C, the ammonia density 

is 689.93 Kg/m3; therefore, the ammonia weight is 20.7 tons. At the service pressure, the stress state 

is given in Table 2. 

Table 2 Stress state of the tank. 

Circumferential stress  Longitudinal stress zz Von Mises stress Vm 

98.7 MPa 49.3 MPa 83.7 MPa 

The vessel is assumed to exhibit a failure precursor as a gouge-dent defect made by shock. An 

example of an actual gouge-dent defect is given in Figure 2. The dimensions of the gouge-dent 

defect are given in Table 3 and Figure 3. 

Table 3 Dimensions of the gouge-dent defect. 

Dent depth Dent length Dent width Gouge length Gouge depth Gouge width 

dd = 40 mm ld = 600 mm Wg = 600 mm 2a = 310 mm dg = 7.9 mm 2c = 2 mm 

 

Figure 2 Example of a gouge-dent defect in a tank. 

 

Figure 3 Geometry of the gouge-dent defect. 
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The gouge in the present study can be compared to a semi-elliptical notch l. It has a length of 2a 

= 310 mm, a width of 2c = 2 mm, and a depth dg = 7.9 mm, corresponding to half the tank's thickness 

with a radius at the end of the notch ρ = 0.25 mm. 

The vessel is made of A 285 carbon steel. This material has the following mechanical properties, 

Table 4. Material data are extracted from [19]. 

Table 4 Mechanical properties of A 285 carbon steel. 

Yield stress 0 (MPa) Ultimate strength ul (MPa) Young’s modulus (GPa) 

251 415 207 

The stress-strain curve of steel A285 is described by the Randberg-Osgood law, Figure 4. 

𝜀 =
𝜎

𝐸
+ 𝛼

𝜎

𝐸
(

𝜎

𝜎0
)

𝑁−1

(5) 

Where 𝜎 true stress, 𝜀: true strain, 𝐸: Young modulus, strain hardening coefficient 𝛼 = 3.2, yield 

stress 𝜎0 = 251 MPa, strain hardening exponent 𝑁 = 5. 

 

Figure 4 Stress-strain curve of A 285 carbon steel [19]. 

The critical CTOA values depend on specimen geometry and loading through constraint. Xian -

Shui Zhu et al. [19] have proposed a relationship between the critical CTOA (CTOAc) value and 

constraint parameter A2. 

The stress distribution at the crack tip is described by the HRR solution for elastoplastic materials 

[20]: 

𝜎𝑖𝑗

𝜎0
= (

𝐽

𝛼𝜎0𝜎𝜀0𝐼𝑁𝐿
)

1
𝑁+1⁄

[(
𝑟

𝐿
)

𝑠1

𝜎𝑖𝑗̃
(1)(𝜃) + 𝐴2 (

𝑟

𝐿
)

𝑠2

𝜎𝑖𝑗̃
(2)(𝜃) + 𝐴2

2 (
𝑟

𝐿
)

𝑠3

𝜎𝑖𝑗̃
(3)(𝜃)] (6) 

The J Integral governs the stress distribution. This fracture mechanics concept measures the 

strain energy release rate at the crack tip. This energy rate is the difference between the work done 

and the strain energy stored in the cracked body. The first is a volume integral, and the second is a 
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surface integral. For commodity, the difference is presented as a contour integral called J. At 

fracture, J reaches a critical value of Jc. 

One of the parameters of the HRR solution A2 is considered a measure of constraint [20]. 

The stress angular functions 𝜎𝑖𝑗̃
(𝑘)(𝜃) (k = 1, 2, 3) and the stress power exponent sk (k = 1, 2, 3) 

depends on the strain hardening exponent N = 5. L is a characteristic length L = 1 mm, and 𝜎0 the 

yield stress  𝜀0 the associated elastic strain, 𝜀0 = 0.001213, 𝜎0 = 251 MPa. The J Integral value is 

calculated as J = 433 kJ/m2 as a notch J integral. It is an integration constant for N = 5, IN = 5, 03769. 

The A2 parameter, which characterizes the constraint for the elastoplastic stress distribution as 

the T stress for the elastic one, has the value A2 = -0.531. 

For the A 285 carbon steel, the relationship between critical CTOA (Ψ𝑐) and constraint A2 is linear 

[19]: 

Ψ𝑐 = −19.337𝐴2 + 6.215(𝑑𝑒𝑔𝑟𝑒𝑒) (7) 

Which gives a value of 𝜓𝑐 = 16.48°. This value will be used in our FEM computing. 

4. Evaluation of the Breach Size 

The value of the gas flow passing through the hole caused by pipe failure is related to the size of 

the breach. To obtain the breach size, the Finite Element Method has been used to describe the 

phenomenon of crack propagation and arrest and to identify its dimensions i.e. length 2c and width 

2a, assuming that its shape is elliptical. 

A method based on the CTOA criterion to compute the size of a breach in a pipe submitted to 

internal pressure has been developed previously [11, 12, 21]. 

The breach development is simulated using Abaqus software. Crack propagation is allowed when 

CTOA reaches a critical value. On Abaqus, this is associated with the releasing nodes technique of 

each element to simulate the crack propagation. New digital conditions are necessary to implement 

this approach in a 3D model. 

The implementation needs the following steps: 

- The vessel with the geometry and the dimensions described previously is meshed. It exhibits 

a dent depth combined with a semi-elliptical gouge. This combined defect promotes failure at 

the service pressure of 2 MPa by a stress concentration. The local opening stress is higher than 

the failure strength. After fracture initiation, a crack is considered at the tip of the gouge. 

- The boundary conditions corresponding to the symmetry concerning X and the symmetry 

condition of Z are only directly applied to a part of the corresponding surface. They are 

dedicated to the propagation of the crack. It will, therefore, be on this surface that the nodes 

must be released. Elements of 1 mm size are applied to this surface and the gouge area. With 

7 elements in the thickness, the total number of elements is 614393. 

- Sets of nodes are created on this surface. Each set is a set of 8 nodes in the thickness of the 

tank. Each has symmetry conditions associated with them concerning Z (Figure 5). 
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Figure 5 Meshing of the tank plate and the gouge. 

- Step by step, the symmetry conditions are applied to the sets of nodes freed from any 

constraints. 

All the steps mentioned above were iterative, and Python scripts were used to automate them. 

Finally, to evaluate the angle at the crack tip, another Python script allows for the reading of the 

database file (.odb) by retrieving the coordinates of the nodes of each set at each stage of the 

simulation. Following each release of nodes, a pressure drop is applied. After different simulations, 

the 0.5% pressure drop criterion is chosen because the evolution of the CTOA during propagation 

remains quasi-constant and drops rapidly near the arrest length. 

At the end of propagation, the breach has the following dimensions a = 299.5 mm and c = 1.35 

mm. It is assumed to be elliptic with a surface area S ⋍ 1270 mm2. 

5. The Security Length Given by ALOHA Software 

To determine the security zone, ALOHA needs input data. They include the location of the site, 

atmospheric parameters, and the characteristics of the damaged reservoir. These data correspond 

to a “reference state” and are summarized in Table 5. 

Table 5 “Reference state” parameters for Ammonia. 

Parameters Input 

Location Metz France 

Elevation (meters above sea level) 220 

Latitude 49°5’ North 

Longitude 6°13’ East 

*Wind speed (m/s) 5 

wind direction West 

Wind measurement height (m) 10 

* Cloud cover (1-10) Partly covered (6) 

* Air temperature (°C) 10.5 

Thermal inversion (YES/NO) NO 

* Humidity (%) 76 

Roughness Urban/forest area 

Tank volume (m3) 30 

Internal pressure (MPa) 2 

* Internal temperature (°C) -40 
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Fill rate (%) 100 

* Position of the breach On the side 

(*) These parameters will be discussed later. 

The impact zones have been determined using Aloha software for the 3 security levels for 

ammonia, which was given by another standard, the American Environmental Protection Agency, 

which also defined three levels of safety as shown in Table 6 [6]. 

Table 6 Indicative levels of acute exposure in ppm (AEGL-Acute Exposure Guideline 

Levels). 

 10 mins 30 mins 1 hr 4 hrs 8 hrs 

AEGL-1 30 ppm 30 ppm 30 ppm 30 ppm 30 ppm 

AEGL-2 220 ppm 220 ppm 160 ppm 110 ppm 110 ppm 

AEGL-3 2700 ppm 1600 ppm 1100 ppm 550 ppm 390 ppm 

The lower level (AEGL-1) with 1-hour exposure time has been chosen for health prevention. In 

this case, the maximum length of the security zone is 436 m in the wind direction. 

Visualization of the 3 security zones associated with the three AELG levels is presented in Figure 

6a and Figure 6b. 

 

Figure 6 a: Ammonia: the 3 Impact zones for the reference state. b: Ammonia: 

Geographic visualization of the security zone (Metz France). 

The security length is defined as the maximum length of the security zone. This length is in the 

wind direction. Conventionally, it is defined as the lower level AELG-1 and one hour of exposure, for 

health prevention considerations. 

For the reference state defined in Table 5, this security length is 436 m. 

6. Discussion 

6.1 Influence of Atmospheric Parameters on Security Length 

The following parameters mentioned in Table 5 are discussed: tank internal temperature, 

external temperature, cloud cover, and wind speed. Figure 7a, Figure 7b, Figure 7c, and Figure 7d 
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show how these parameters affect the security length. The security length of the reference state is 

436 m. 

 

Figure 7 a: Influence of internal temperature on security length. b: Influence of external 

temperature on security length. c: Influence of cloud cover on security length. d: 

Influence of wind speed on security length. 

In the tank, the internal temperature range is [-60°C–10.5°C], i.e., below and above the boiling 

temperature of ammonia (-33°C). The external temperature range is [-5°C–35°C], the cloud cover 

one [1–10], and the wind speed range [5–40 km/h]. 

One notes that the internal temperature strongly affects security length, which increases when 

the internal temperature increases. The external temperature has little effect and the cloud cover 

has no effect. The security length decreases when the wind speed increases due to ammonia 

dispersion. Two breach positions are considered: side and top, Table 7. A breach on the side gives a 

higher security length because there will be more leakage of liquid ammonia; on the top, much of 

the escaping ammonia is gaseous.  

Table 7 Influence of breach position on security length. 

Breach position On side top 

Security length (m) 436 282 

 (%) 0 -35.32 

6.2 Comparison of Security Length When Using Pure Hydrogen or Ammonia for Hydrogen 

Transport 

Hydrogen is emerging as one of the most efficient energy vectors. However, due to its explosive 

properties, Table 8, low density, storage, and hydrogen transport present significant challenges. Due 
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to its absence of carbon and the maturity of its production and distribution technologies, Ammonia 

represents an attractive alternative. However, the toxicity of ammonia raises safety concerns, 

requiring the application of strict measures in the event of leaks. A precautionary perimeter beyond 

which lethal risk is below a critical value becomes imperative for these two energy vectors. 

Therefore, comparing them from a strict point of view regarding security length is attractive. 

Table 8 Ignition and flammability of hydrogen. 

Auto-ignition temperature 

in air (°C) 

Flammability limit in air 

(% vol) 

Minimum ignition 

energy (mJ) 

Burning rate in 

air (m.s-1) 

585 4-75 0.02 2.7 

At atmospheric pressure, the hydrogen flammable range in the air is 4% to 75% by volume, which 

becomes explosive at 20% to 60%. An extremely low-energy ignition source can initiate combustion. 

A few seconds after the start of the hydrogen release, turbulent mixing between the hydrogen and 

the ambient air forms a cloud of flammable gas. 

Due to the nature of hydrogen gas, the cloud of flammable gas produces an explosion and has a 

higher burn rate than other combustible gases. A gas cloud is formed after a pipeline failure occurs. 

Its flow increases rapidly by the impulse of the vented gas, and a quasi-steady gas jet is established. 

A blazing flare is produced if the released gas ignites immediately after the failure. A significant 

explosion occurs if the gas cloud is subjected to delayed ignition. 

The prominent lethal risks can result from overpressure or the thermal effect of radiation caused 

by a sustained fire, which an explosion can precede. An explosion model of the gas cloud that 

characterizes the overpressure and a fire model that provides the intensity of the heat can be used 

to estimate the surface of the ground affected by a pipeline failure. The gas release rate of a failure 

is associated with the explosion's magnitude and the danger zone's corresponding size. The 

hydrogen release rate depends on the pipeline's service pressure, the pipeline, the length of the 

pipeline, and the adequate size of the hole. The diameter of the pipe, operating pressure, and 

pipeline length from the point of supply to failure determine the danger zone's parameters when 

the effective size of the hole is large, i.e., greater than the pipeline's diameter. The effect distance 

is integrated into the heat flux calculation and the determination of the overpressure value. Overall, 

this distance is defined as the distance between the source (gas cloud) and the target (the point 

considered for which people are present) [6]. This distance is determined using the equivalent TNT 

method [22]. 

In summary, although hydrogen and ammonia present risks associated with their handling and 

use, they differ in nature and intensity. Figure 8 presents a map of the plane flammability and 

toxicity of energy vectors: hydrogen, ammonia Natural gas, and fuel. 
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Figure 8 Maps in the plane flammability-toxicity of energy vectors. 

In the following, the comparison of risks associated with the use of hydrogen or ammonia as an 

energy vector is based on the comparison of distance for the lethal effect. 

In regulatory studies, three critical thresholds causing harmful effects on humans are retained 

for exposures of 1 to 60 minutes [23, 24]: 

- Irreversible Effects (TIE) threshold, corresponding to the zone of significant dangers for human 

life, is 2 kW.m-2 for thermal effects and 50 mbar for overpressure effects. 

- The first Lethal Effects (TLE) threshold corresponds to the zone of severe dangers for human 

life, 5 kW.m-2 for thermal effects and 140 mbar for overpressure effects. 

- Significant Lethal Effects Threshold (SLE) corresponding to the zone of very serious dangers 

for human life, 10 kW.m-2 for thermal effects, 200 mbar for overpressure effects. 

The reference state defined earlier is taken over to compare the two energy vectors (Ammonia 

and Hydrogen). The ALOHA software modifies only the internal temperature (-250°C instead of -

40°C) and the gas nature. The retained criterion for lethal effects is TIE. The security length is defined 

as the radius of the security zone. This length is independent of the wind direction for one hour of 

exposure. The security length for the hydrogen reference state is 610 m, as shown in Figure 9. This 

value is greater for hydrogen than for ammonia. 

 

Figure 9 a: Hydrogen: the 3 Impact zones for the reference state. b: Hydrogen: 

geographic visualization of the security zone (Metz France). 
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The influence of tank internal temperature in the range [-258°C – -240°C] and wind speed in the 

range [5 km/h–40 km/h] have been studied. The security length decreases with moderation with 

the increase of temperature and the wind speed does not affect explosion and torch effect and 

therefore on security length, Table 9 and Table 10. 

Table 9 Influence of internal temperature on security length (Hydrogen). 

Internal temperature (°C) -258 -250 -240 

Security length (m) 636 610 505 

 (%) 4.26 0 -17.21 

Table 10 Influence of wind speed on security length. 

Wind speed (km/h) 5 12 18 30 40 

Security length (m) 610 610 610 610 610 

 (%) 0 0 0 0 0 

7. Conclusion 

The security length associated with the risk of a leak in an ammonia tank is obtained using the 

CTOA criterion and the ALOHA software. This paper shows that the CTOA, a measure of fracture 

resistance against ductile crack propagation, is a tool for material selection and for computing the 

size of a breach for a tank filled with a gas or liquid under service pressure. It is associated with a 

particular FEM routine. ALOHA is a helpful software for determining and visualizing security lengths. 

It is based on the heavy gas plume model. 

The security length is affected by internal temperature, wind speed, and breach position. 

For the reference state described in this paper, the security length is 40% higher for hydrogen 

transport than ammonia. 

Nomenclature 

a half of the gouge length 

b the half-width of the homogeneous section of the core 

c half of the gouge width 

CG concentration at ground level in the central axis 

d CTOA distance measurement 

dd dent depth 

dg gouge depth 

ld dent width 

n′ constant in the wind profile 

sk stress power exponent 

Wg Dent width 

y,z coordinates 

𝐸 Young modulus 

A% Failure elongation 
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J Integral for fracture toughness 

L characteristic length 

N strain hardening exponent 

Sy the lateral dispersion parameter 

Sz the vertical dispersion parameter 

𝜎𝑖𝑗̃
(𝑘)(𝜃) Stress angular functions 

 strain hardening coefficient 

 Crack tip opening displacement 

𝜀0 elastic strain 

y yield stress 

ul ultimate strength0 

𝜎0 flow stress 

 CTOA 

 relative error 
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