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Preface 

There is no specific regulation in Norway that deal with safety during pressure testing. 

The regulations on pressure testing is unclear in terms of safety. In addition, the accompanying 

literature gives a poor definition of different hazards involved in pressure testing and lack 

methods to estimate the severity of these hazards. 

The candidate shall perform an analysis of risk during hydrostatic pressure testing at the 

new workshop for T.D.W. Offshore Services (TDW). This involve identification of hazards, 

and estimating the severity of these events through calculations. Further, the candidate shall 

give suggestions to mitigating measures to reduce the risk to an acceptable level. The risk-

reducing effect of these measures should be determined through calculations and analyzes.  

The thesis will be written at Institute of Construction and Materials at University in 

Stavanger. The research is conducted in collaboration with TDW who defined the research 

problem.  

The start date of the thesis is the 01. February 2016 and the submission date the 15. June 

2016. Within this time period, the candidate should have given a clear presentation of the work, 

results and conclusions. The candidate should during the report give a personal contribution to 

the solution of the issue described in the thesis.  
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Summary 

The thesis identifies the main hazards in hydrostatic pressure testing as pressure wave, 

water jet, burst of water hose, fragment and projectile discharge as well as ejection of plug or 

end section.  

A test, where a pressurized vessel ejected a projectile, was conducted as part of the 

thesis. The aim of this test was to find the relationship between potential energy inside pressure 

vessel and kinetic energy in a discharged projectile. The results showed that the Baker formula 

together with the elastic energy of the expanded pipe, gave a good representation of the kinetic 

energy.  

Based on the results from the test, a risk analysis concerning pressure testing at TDW is 

made. The analysis involves hazards assessment through calculations. Existing safety walls are 

analyzed and mediating measures to lower the risk to an acceptable level are proposed.  

An assessment of the safety barriers concluded that only fragments and projectiles or 

plug and end section could breach the first two safety barriers. Fragments and projectiles will 

most likely perforate the safety walls, while a plug or end section will probably exceed the shear 

and moment capacities in the safety wall. The pressure wave, water jet and burst of water hose 

would most likely be confined by the first barrier.  

For the vessels and pressure tests considered in this paper, the thesis suggests three 

safety barriers to reduce the risk to an acceptable level. First safety barrier should be an existing 

safety wall. The second safety barrier is a closed off area between the first and third safety 

barrier. The third and last safety barrier is either an existing safety wall or a steel safety wall. 

To improve the existing safety wall, a steel plate should be attached behind the wall. 

The steel plate will increase the shear strength of the wall as well as preventing sections of the 

wall to collapse during perforation of projectile. 

The calculations indicate that either a steel safety wall or the existing safety wall can be 

perforated by smaller projectiles. Because of small projectile diameter and large velocity, the 

wall at impact location will undergo a local deformation. This will lead to smaller plastic 

deformation and less energy is absorbed by the wall.  

Large projectile will create a global effect on the walls. These projectiles will not 

perforate the wall, but instead apply large axial and moment forces to the wall. To improve the 

walls resistance against axial and bending loads, the safety walls should be bolted to the floor. 
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1 Introduction 

1.1 Background 

During pressure testing using pressurized vessels on a workshop floor, the surrounding 

areas needs protection. This is due to the possibility of test failure. A result of failure could be 

high-pressure water jet or discharge of a projectile. Figure 1 illustrate two plug models inside 

a pipe. A permanent shield may provide the protection as part of the test bay design, but it is 

necessary with access to the testing area to setup and operate the pressure test. The installation 

and removal of test vessels is done by crane or forklift so part of the shield should of practical 

reasons be made portable. The safety walls should be made of reinforced concrete blocks or 

section of walls. The walls and blocks have limitations to width, height and weight since they 

should be portable by crane or forklift.  

 

Figure 1 Model of two plugs inside the pipe 

1.2 Objective 

There are no previous calculations done regarding the safety installments already in 

place, however the thesis will analyze the forces and risks involved in case of failure. Further, 

the thesis will decide if the walls are sufficient as protection. Based on the results from 

calculation and testing, the thesis will develop a design of safety walls to provide necessary 

protection during pressure testing. The wall is required to provide a suitable and acceptable 

protection against potential incidents. The thesis will also investigate if the walls are damaged 

beyond repair or reusable in case of failure. If the wall is insufficient as protection, the thesis 

should provide other mediating alternatives. 
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1.3 Scope of work 

The thesis will involve study of codes and regulations regarding hydrostatic pressure 

testing. This involves mostly theory on hydro testing of pipelines. The thesis focuses on 

hydrostatic pressure due to safety regulations at TDW. Further, it is necessary to calculate and 

determine the potential energy in a pressurized vessel and effects of failure. One of the main 

issues is how much of the potential energy is transferred into kinetic energy in a failure. Based 

on these calculations, design of barriers is discussed to fulfill safety requirements of the testing 

area. The final design should be within reasonable price range and have maximum weight and 

size criteria. The walls should be easily portable as they are relocated between each test.  
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2 Safety Requirements during Pressure testing 

The regulation on pressure testing in Norway categorizes high pressure as more than 0,5 

bar. Accordingly, equipment with allowable maximum pressure above 0,5 bar, should be made 

according to regulation on compressive loads and be CE-approved.  

The regulations in Norway that cover safety during safety testing is quite wide and gives 

no specific requirements to the safety level. According to Forskrift om håndtering av farlig stoff 

(2009) (Regulation on Managing Dangerous Matter), §14 states that a risk analysis should be 

conducted for the pressure test. This implies identification of hazards and the owner and 

operator should lower the risk to a reasonable level. According to Forskrift om trykkpåkjent 

utstyr (1999) (Regulation regarding Pressure-Loaded Equipment), Vedlegg 1 Innledende krav 

(Appendix 1 Preliminary requirements) states that the risk should be eliminated or reduced to 

a reasonable level. There should be a suitable protective measure to diminish the risk that could 

not be eliminated. The user of the area should be informed about the remaining risk.  

A risk analysis is a tool for documenting how to achieve a reasonable security level. A 

thorough risk analysis should include risk as a product of probability and severity as well as 

expand for mitigating actions and determine remaining risk. The analysis should also include 

internal and external circumstances as well as undesirable elements. Based on the analysis, 

sufficient measures should be implemented to reduce the risk to an acceptable level. To make 

a complete risk analysis for the desired area or operation, several different people or 

departments should be involved in the process. This is to easier identify and find suitable 

mitigation actions against possible hazards. The company is also required to review and update 

the risk analysis regularly. 

When constructing a new facility, or when altering an existing facility, it is necessary to 

perform a risk analysis in advance. The analysis should include undesirable incidents and its 

consequences towards life, health, environment and material values. For existing facilities, it is 

necessary to do a systematic mapping of dangers and undesirable incidents. 
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3 Energy stored in pressurized vessel 

Pressure is compression of volume by the use of energy. If a failure occurs, this energy 

is released at a high rate. The definition of pressure is force divided by area (Eq. 3.1). The 

relation illustrates that the force can change based on both area and pressure. Still, a large area 

with low pressure can have the same amount of energy as a small area with high pressure.  

𝑃 =
𝐹

𝐴
          Eq. 3.1 

Where 𝑃 is the pressure, 𝐹 is force and 𝐴 is the cross-sectional area. Energy is measured as a 

product of force and the distance it moved, or in this case, as a product of pressure and change 

in volume. Due to its high compressibility, gas is considered a great hazard.  

Energy in a vessel could also be estimated by pressure as a product of change in volume 

in addition to temperature as a product of change in entropy. The first law of thermodynamics 

(Eq. 3.2) defines change in energy as: 

𝑑𝑈 = 𝑑𝑄 − 𝑑𝑊 = 𝑇𝑑𝑆 − 𝑃𝑑𝑉      Eq. 3.2 

Here 𝑈 is the total energy in the vessel, 𝑄 the heat energy and 𝑊 the work performed due to 

the pressure. Further, 𝑇 is the temperature of the test medium, 𝑆 is the entropy of the medium 

and 𝑉 is the volume of the medium. Here it is important to include the expansion of the test 

vessel due to the pressure, as this also alters the volume. This is considered as work energy.  

This thesis will focus on the events from hydro-pressure. Since water has low 

compressibility especially compared to gas, the energy stored in a pressurized vessel is lower. 

Still, when operating with high pressure or large volumes, a sudden burst of energy can cause 

a hazardous situation. The main hazards in a failure during pressure testing are a pressure wave, 

water jet, burst of water hose, fragments and projectile discharge as well as ejection of a plug. 

The thesis will through calculation and a risk analysis assess these hazards and give suggestions 

to mitigating measures.  

 



 

 

 
5 

 

4 Risk analysis 

Risk is a term to describe danger or hazards in daily life. The level of risk is usually 

decided by both the frequency of an incident and its severity as shown in Eq. 4.1. 

𝑅𝑖𝑠𝑘 = 𝐹𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 ∙ 𝑆𝑒𝑣𝑒𝑟𝑖𝑡𝑦      Eq. 4.1 

What determines the level of risk is the frequency of an incident and the consequence for when 

that incident occurs. The frequency is determined by statistical data. With the lack of statistics, 

a subjective estimation of a reasonable probability is required. The severity is determined by an 

assessment of the operation and identification of hazards. In the assessment, it is necessary to 

include every scenario that might happen. For a better understanding of risk and the elements 

of a risk analysis, a better definition of risk is necessary.  

4.1 Risk 

The objective of a risk analysis is to describe and reduce risk. To achieve a better 

understanding of the risk analysis, it is necessary to thoroughly define risk and how it is 

expressed. Risk is related to a future event and their outcomes. There is uncertainty related to 

both the future events and their outcomes. In other words, the uncertainty of a future event to 

occur and with that a specific outcome will happen. The result can be referred to as the 

probability of an outcome based on background knowledge. It is important to separate between 

uncertainty and probability because probability is a tool to describe uncertainty between the 

event and an outcome. Uncertainties might be hidden in background knowledge. An example 

is a structure with probability of failures with the assumption that the structure will be able to 

handle a certain accidental load. In real life, the structure might fail at lower load level because 

of uncertainty in the material strength, model geometry, construction and so on. 

Each element will be given an uncertainty, and if this value is high, the factor is given a 

high risk score. To obtain a high score, the factor must be considered as important for the risk 

aspects considered as well as a large uncertainty.  
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4.2 Description of risk 

There are different ways to describe risk. A commonly used term is the Fatality Accident 

Rate (FAR). The FAR describes the level of risk regarding loss of lives. The expected number 

of fatalities for each 100 million workhours decides the FAR value. To describe fatalities per 

year the Potential Loss of Life (PLL) is used. Due to lack of data concerning failures and failure 

rate in pressure testing, this thesis uses the safety functions model. Risk associated with loss of 

safety functions is the result of change in probability or frequency due to impairment of the 

safety function. The risk analysis gives an assessment of the risk with and without the safety 

functions. The main safety functions to consider during pressure testing is based on PSA (2001): 

- Protect rooms of significance. 

- Protect safe areas 

- Maintain at least one evacuation route from every manned area. 

How well these areas should be protected is reviewed later in the thesis. 

4.3 Severity, Probability and uncertainty 

The determination of the severity for each initiating event is an important part of risk 

analysis. Here all the damages and injuries from the possible events are considered. In this 

thesis, the severity will be based on loss of life or injury to personnel. Other common categories 

are financial loss, environmental damage and loss of reputation. The different categories are 

linked to some degree, however different types of events give different type of consequence. 

For instance, frequent small accidents may tarnish the reputation more than any other category.  

An Event tree is frequently used to categorize and separate these different types of losses 

in an organized way. An event tree shows all the initiating events and all the steps and events 

necessary for the safety barriers. A safety barrier is a mitigating action to prevent injury or 

damage during a failure. The aim of the barriers is to reduce the outcomes to an acceptable 

level. For each event, it is possible to perform a barrier analysis to study the effect of failure by 

the barriers. 
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The Figure 2 shows the event of a Pipe rupture. The first barrier is Safety walls. If the 

Safety walls prevent the danger, it is considered a success and it is not necessary with the next 

barrier. If the walls are perforated and reduce the hazard, it is considered a Partly success. 

However, if the hazard misses the safety walls, it is considered as ineffective. The next barrier 

is the barrier Safety area. This is a closed off area behind the safety walls. The Outcome explains 

the severity for each case, which is numbered after the degree of consequence. The numbering 

of the events is not related to any value of actual consequence, but is categorized according to 

possible damage.  

 

Figure 2 Event tree of pipe rupture 

 

By doing a consequence analysis to assess the severity of an event, it is important to 

understand the physical phenomena of the incident. As this thesis focuses on hazards regarding 

hydro testing of pipelines, the first thing to consider is the potential forces in a pressure test. 

Further, it is necessary to identify and evaluate each of the hazards in terms of severity.  

To determine how likely a hazard is to happen, it is necessary to determine the 

probability of the event. The probability is based on background knowledge, but does not 

account for possible lack of information. With this in mind, it is necessary to introduce 

uncertainty in the equation. To do this means to be conservative. 
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4.4 Hazard 

A hazard is any form of potential harm, damage and health effects under certain 

conditions. From the stored energy in a pressurized vessel, there are five main hazards in 

relation to a failure.  

The most critical hazard is if the plug or end section of pipe is released. The cross-

sectional area of both the plug and the end section is quite large, so from the relation with 

pressure and contact area there are great forces at play. The amount of energy in a discharge is 

based on compressibility of the test medium and contraction of the vessel. As stated earlier, gas 

volume will expand multiple times the volume of a liquid depending on the pressure. This 

indicates that the energy transferred to a plug or end section will be considerable larger in a 

failure involving a gas medium than a liquid. 

Another hazard is ejection of fragments from the pipe. In this case, the fragments are 

considered to have low mass and high velocity. They will hereby be referred to as projectiles. 

The same relation between compressibility and energy release as above applies for this case as 

well. The size, shape and weight of a projectile is difficult to determine as it is uncertain which 

section of the pipe or plug that could be ejected. 

The third hazard is a water jet from a leak. The velocity of this jet will be quite high, but 

the volume released will be low. This is because water is not easily compressed. This will result 

in water pressure dissipating quickly after release. A gas jet is of much larger consequence due 

to temperature change or toxic fumes. The vessel will discharge large quantities of gas during 

a failure and can create a hostile environment. Another hazard concerning a jet discharge is a 

two-phase jet. Gas is compressed into liquid form due to pressure or temperature, but when 

ejected from the vessel, the test medium is returned to gas. This results in massive volume 

change and hot gas can cause major harm. For example, hot water will turn into steam, which 

will scold people who makes contact. 

A fourth hazard is a pressure wave created from sudden change in volume. An impulsive 

change in volume will create a pressure wave, which would diminish over a distance. To 

calculate the safe distance in case of such a wave, the energy is converted into grams of 

Trinitrotoulen (TNT). With different parameters, it is possible to determine a safe distance. 

  



 

 

 
9 

 

The last hazard is the burst of a pressure nozzle with connected hose. The hose will start 

flying around and act as a whip. The pressure nozzle at the end of the hose could cause serious 

injury and damage to nearby personnel and equipment. Figure 3 shows a similar situation where 

the pressure is not bled out, and the valve is released. The valve is released as a projectile 

towards the operator. This is one of the more common hazards to happen during pressure 

testing. Figure 3 is an illustration of an incident which led to a fatality in BC, Canada. 

 

Figure 3 Operator removes a valve under pressure 

4.5 Risk acceptance criteria 

When the calculated risk is lower than the appointed risk, the measures are sufficient 

and the risk is acceptable. For instance, if the frequency of an incident which impairs a safety 

function exceeds the limit, the risk is unacceptable. The appointed risk is often determined by 

a risk scale matrix. The table 1 shows a risk scale matrix from TDW, which is the basis for this 

thesis’s risk acceptance criteria. The next tables show the probability scale, severity scale and 

Risk rating scale to explain the different levels of risk. To achieve risk acceptance criteria, it is 

necessary to treat risk. First, it is necessary to assess what is acceptable and how to achieve this 

level of risk. 

Table 1 Risk acceptance criteria 

  Severity S 

P
ro

b
ab

ili
ty

 P
 

  1 2 3 4 5 

5 5 10 15 20 25 

4 4 8 12 16 20 

3 3 6 9 12 15 

2 2 4 6 8 10 

1 1 2 3 4 5 
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The larger scale or more levels a risk matrix have, the more accurate it can describe the 

risk. The usual size is between a 4-level and a 6-level matrix. The colors are a visual aid to 

determine the scale of acceptance. The colors are explained later in this chapter. Appendix A 

shows the risk analysis, which the thesis is based on. The hazards are appointed probability and 

severity values to determine if the risk is acceptable.  

To determine a value in the risk acceptance scale, it is necessary to determine the 

probability and severity. Table 2 and Table 3 show the definition and explanation of each 

number in the scale. The explanations and definitions inside the tables should be based on FAR 

or PLL values. Thus, to get a better understanding of the risk picture and to properly assign the 

risk acceptance criteria.  

Table 2 Probability scale 

P   Probability of Occurrence 

1 Improbable 
Very rare occurrence. Can occur only in exceptional 
circumstances. Requires sequential / multiple system failures 
for event occurrence. 

2 Remote Less likely. Can occur remotely in 5 years (once or twice) 

3 Occasional May be possible. Occurs once / twice in a year 

4 Probable Likely occurrence. Occurs few times in a month. Can be 
consistent week after week. 

5 Frequent 
High probability. Occurs very frequently, many times in a 
working day / week. Highly certain, constant and continuous 
exposure exists  

 

Table 3 Severity scale 

S   Harm to Personnel (Health & Safety) 

1 Negligible First Aid incident 

2 Marginal Medical Treatment Only / Minor health effects like skin 
irritation, eye irritation, etc. 

3 Critical Up to a Restricted Work Case / Reversible Health Effects 
affecting normal work activity 

4 Severe Up to a Lost Time Injury / Reversible Health Effects requiring 
days of work off 

5 Catastrophic Fatality, multiple severe or critical injuries / Irreversible 
Health Effects (Eg. Compensable Diseases as per Local Laws) 
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Table 4 gives a description to each of the colors in the risk acceptance scale. Each color 

has a level of security to easily categorize the risk in an operation.  

Table 4 Risk rating scale 

R   Harm to Personnel (Health & Safety) 

Low-Level 4 (1 - 4) 
Activities in this category contain minimal risk and are unlikely 
to occur. Organizations can proceed with these activities as 
planned. 

Medium-Level 3 (5 - 9) 
Contains some level of risk that may occur. Facilities should 
consider what can be done to manage the risk to prevent any 
negative outcomes. 

High-Level 2 (10 - 14) 

Contains potentially serious risks that are likely to occur. 
Application of proactive risk management strategies to reduce 
the risk is advised. Facilities should consider ways to modify or 
eliminate unacceptable risks. 

Extreme High Level 1 (15 - 25) 

Contains unacceptable levels of risk, including catastrophic 
and severe injuries and / or health risk that are most 
frequently to occur. Facilities should consider whether they 
should eliminate or modify activities that still have Level 1 
rating after applying all reasonable risk management 
strategies 

 

4.6 ALARP 

ALARP or As Low As Reasonable Practicable is a popular tool when treating risk. For 

every operation, the ideal would be to have no risk. Unfortunately, this is not possible. Therefor 

the risk should be reduced to a reasonable level. ALARP was developed to assess measures in 

terms of disadvantages and cost. The assessment is done to compare the cost and disadvantages 

of a measure with the benefits. To determine the difference, it is necessary with a crude analysis 

of the pros and cons of the different alternatives. The analysis should be qualitative and the 

results illustrated through a matrix with four to six levels.  

An additional analysis will provide a better basis for which alternative to select. This 

may include risk analysis, cost analysis and analysis to show the degree of sufficiency. Further, 

it is necessary to perform an assessment of uncertainties and events. This assessment determines 

if it is necessary with a more thorough analysis.  

In the end a total evaluation of the different analyses should be performed. The 

discussion of the results with regard to limitations of the analysis should also be included. This 

thesis will not do a cost analysis as it is outside of the scope, but will by a risk analysis and 

calculations determine if the alternatives are sufficient and give recommendations for 

improvement. The alternatives will be assessed in terms of cost, but only as an estimate.  
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5 Assessment of hazards through calculations  

The potential energy in a pressurized vessel could be calculated in different ways. To 

calculate the energy through thermodynamics the first law of thermodynamics (Eq. 3.2) is 

necessary. This relation involves the energy from the compression of the liquid and expansion 

due to different heat energy through integration. According to Manning (2005) the heat term is 

usually neglected during hydrostatic pressure.  

The force acting on a projectile, plug or end section is given by Eq. 3.1. Further, the 

potential energy is determined by the pressure as a product of the change in volume due to 

compression. 

Eq. 5.1 from Baker (1973) is called the Baker formula. The formula calculates the 

potential energy in a vessel based on the relation between pressure, volume and bulk modulus 

of the liquid. 

𝑈𝑤 =
1

2
∙

1

𝛽
∙ 𝑃2 ∙ 𝑉 =

1

2
∙ 𝐶 ∙ 𝑃2 ∙ 𝑉      Eq. 5.1 

Where 𝑈𝑤 is the energy in the compressed liquid, 𝛽 is the bulk modulus and 𝐶 is the 

compressibility of the liquid. This formula shows that the potential energy changes linearly with 

the volume and quadratic with the pressure. The compressibility of the fluid will change 

depending on the pressure, but for the calculations in this thesis the value is a conservative 

constant. 

The pipe will expand due to high pressure. To calculate the expansion in the pipe the 

equation is based either on the strain calculations through stress in the pipe or on a direct 

calculation through the elasticity modulus. If the pipe bursts, the elastic energy in the pipe will 

be released as a sudden change in volume. To calculate this, it is necessary to know the 

specifications of the pipe. To calculate the strain through the stress of the pipe, it is essential to 

calculate hoop and longitudinal stress. The calculations of hoop and longitudinal stress for a 

thin walled pipe based on Fenner and Reddy (1999) is given by Eq. 5.2 and Eq. 5.3, respectively.  

𝜎𝐻 =
𝑃∙𝐷

2∙𝑡
         Eq. 5.2 

𝜎𝐿 =
𝑃∙𝐷

4∙𝑡
         Eq. 5.3 

Where 𝜎𝐻 is hoop stress, 𝐷 is the inner diameter, 𝜎𝐿 is the longitudinal stress and 𝑡 is the wall 

thickness of the pipe. The wall thickness of a thin-walled pipe is categorized as less 1/10 of the 

diameter. For tests with larger pressure, this is usually not the case.  
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Hoop and longitudinal stress is given by Eq. 5.4 and Eq. 5.5 for a thick-walled pipe, 

respectively.  

𝜎𝐻 =
𝑃∙𝐷𝑖

2

𝐷𝑜
2−𝐷𝑖

2 +
𝐷𝑜

2∙𝑃

𝐷𝑜
2−𝐷𝑖

2 
= 𝑃

𝐷𝑖
2+𝐷𝑜

2

𝐷𝑜
2−𝐷𝑖

2      Eq. 5.4 

𝜎𝐿 =
𝑃∙𝐷𝑖

2

𝐷𝑜
2−𝐷𝑖

2         Eq. 5.5 

Here 𝐷𝑖 is the inner diameter and 𝐷𝑜 is the outer diameter of the pipe.  

Next step is to calculate the strain (Eq. 5.6 and Eq. 5.7) from both hoop stress (Eq. 5.2 

or Eq. 5.4) and longitudinal stress (Eq. 5.3 or Eq. 5.5). 

𝜖𝐻 =
𝜎𝐻

𝐸
−

𝜎𝐿∙𝑣

𝐸
         Eq. 5.6 

𝜖𝐿 =
𝜎𝐿

𝐸
−

𝜎𝐻∙𝑣

𝐸
         Eq. 5.7 

Here is 𝜖𝐻 hoop strain, 𝐸 is the young’s modulus, 𝑣 is the Poisson ratio and 𝜖𝐿 is the longitudinal 

strain. Figure 4 illustrates how pressure works and give direction to the stress acting on the 

pipe.  

 

Figure 4 Hoop stress and longitudinal stress in a pipe 

 

By calculating the final volume (Eq. 5.8) while the pipe is experiencing strain, it is 

possibility to find the change in volume (Eq. 5.9). 

𝑉𝑓 =
𝜋

4
∙ [𝐷 ∙ (1 + 𝜖𝐻)]2 ∙ [𝐿 ∙ (1 + 𝜖𝐿)]     Eq. 5.8 

∆𝑉𝑚 = 𝑉𝑓 − 𝑉         Eq. 5.9 

Where 𝑉𝑓 is the final volume, 𝐿 is the pipe length and ∆𝑉𝑚 the expansion due to strain. The 

elastic energy stored from the strain in the pipe is given by Eq. 5.10. 

𝑈𝑚 = 0.5 ∙ 𝑃 ∙ ∆𝑉𝑚        Eq. 5.10 

Here 𝑈𝑚 is the elastic energy in the material.  
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According to Manning (2005) the elastic energy stored in the pipe can also be expressed 

by Eq. 5.11. 

𝑈𝑚 =
𝑃2∙𝑉

2∙𝐸
∙ [

3∙(1−2∙𝑣)+2∙𝛿2∙(1+𝑣)

𝛿2−1
]      Eq. 5.11 

Where δ is the diameter ratio. Eq. 5.11 gives less energy release than the calculations with strain 

of the pipe. It also neglects elastic deformation in the ends. The elastic pipe energy together 

with the potential energy in compressed water can give a total energy burst given in Eq. 5.12.  

𝑈𝑇 = 𝑈𝑤 + 𝑈𝑚         Eq. 5.12 

From the previous formulas, it is possible to determine the potential energy in a 

pressurized vessel. However, how much of this energy is transmitted into each of the hazards 

is yet to be determined. Other factors that determine the potential energy might be air bobbles 

inside the vessel, temperature change during the test in both the material and liquid, 

uncertainties in the measuring devices and inaccurate formulas.  

The amount of energy that is directed to each of the hazards is uncertain. According to 

Cox & Saville (1975) the energy distribution in the event of a total collapse of pipe is shown 

by Table 5. The values have been tested to some degree, but only in terms of kinetic energy.  

Table 5 Distribution of energy in a failure 

 Shock wave energy Fragment kinetic energy 

Complete shattering of 

vessel due to brittle failure 
0.8 𝑈𝑇 0.2 𝑈𝑇  

   

Ejection of a major vessel 

section such as an end 

closure of a short, large 

bore vessel 

0.4 𝑈𝑇 0.6 𝑈𝑇 

 

Figure 5 shows different scenarios of failure of the pipe. Complete rupture of vessel 

(left), breaking into two due to rupture (middle) and fragmentation (right) 

 

 

Figure 5 Different scenarios of failure of a pipe 
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5.1 Pressure wave 

One of the hazards that will always occur if there is a burst of energy is a pressure wave. 

The energy and level of danger of this hazard is based on speed and the amount of energy which 

is released from the pipe. A pressure wave, if large enough, could have a devastating effect. For 

instance, a small wave could rupture an eardrum while a larger wave will crush internal organs 

and may lead to a fatality. Figure 6 is an illustration of a shock wave without any obstacles. 

 

Figure 6 Pipe collapse with shock wave 

To determine a safe zone from the pressure wave, Kinney and Graham (1985) found the 

relation between rapid energy release and the explosive energy of TNT. The energy is therefore 

transformed into weight of TNT. How similar a pipe burst is to a detonation of TNT is uncertain, 

but this is the best way to describe a sudden energy release. Eq. 5.13 converts the energy into 

grams of TNT. 

𝑊𝑇𝑁𝑇 =
𝐸

4.850∙103        Eq. 5.13 

Where 𝑊𝑇𝑁𝑇 is the weight of TNT in [g] for each [joule] of energy. Further, the safe distance 

from the energy center is expressed by Eq. 5.14. 

𝑅 = 𝑘 ∙ 𝑊𝑛         Eq. 5.14 

Here 𝑅 is the distance from the energy center while 𝑘 and 𝑛 are constants to determine the 

safety class. This distance is when there is no obstacles inside Paulsen (2009) defines the safe 

distance as 𝑘 = 6 [m] and 𝑛 = 1/3. To find the distance to which there is a risk of eardrum 

rupture the 𝑘-value is changed to 0.45 [m]. 

These results are for when there are no obstacles to the pressure wave. The safe distance 

is also given with a conservative parameter. From the pressure tests with liquid that are 

conducted at TDW, the pressure wave will have close to no effect on the surrounding structure 

and safety walls.  
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5.2 Water jet 

A water jet is a rapid discharge of water due to high pressure. The dangers to personnel 

related to a water jet is cuts and internal damages. Figure 7 shows how the water jet acts during 

a projectile discharge.  

 

Figure 7 Water jet during projectile test 

To calculate the velocity of a water jet, the use of Bernoulli’s formula is essential (Eq. 

5.15). 

1

𝜌
(𝑃1 − 𝑃2) + 𝑔(𝑧1 − 𝑧2) = ∆ (

𝑢2

2
) + 𝐹𝐹     Eq. 5.15 

Here 𝜌 is the density of the fluid, 𝑃1 and 𝑃2 is the pressure inside and outside of the vessel and 

𝑔 is the gravitational acceleration. 𝑧1 and 𝑧2 are the heights at the discharge compared to the 

top of the pipe, ∆𝑢 is the change of velocity in the water and 𝐹𝐹 is friction force. The variation 

in elevation is of small importance when working with the high pressure so this section is 
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usually neglected. To calculate the change in velocity from stationary to discharge, it is 

necessary to solve Eq. 5.15 with respect to ∆𝑢 (Eq. 5.16). 

∆𝑢 = √2 ∙ [
1

𝜌
(𝑃1 − 𝑃2) + 𝑔(𝑧1 − 𝑧2) − 𝐹𝐹]     Eq. 5.16 

Eq. 5.17 and Eq. 5.18 are for calculation of water discharge in a large manner. When 

estimating the frictional loss 𝐹𝐹, there is frictional loss due to sudden contraction, due to pipe 

friction and frictional loss due to fittings. Expansion losses have been ignored, as they cannot 

exceed the kinetic energy of the fluid and do not apply at the point of discharge to the 

atmosphere. The friction loss from contraction is given as Eq. 5.17. 

𝐹𝑐 = 0.4 (1 −
𝐴2

𝐴1
) (

𝑢2

2
)       Eq. 5.17 

Here 𝐹𝑐 is the friction loss from contraction while 𝐴2 and 𝐴1 is the change of area in the pipe. 

This formula uses the change in area as basis. For our case, this will be the elastic contraction 

of the pressurized pipe after pressure release. The friction loss from the pipe is given as Eq. 

5.18. 

𝐹𝑓 =
4𝑓𝑙

𝐷
(

𝑢2

2
)         Eq. 5.18 

Where 𝐹𝑓 is the friction loss from the pipe, 𝑓 is the friction coefficient, 𝑙 is the length of the 

pipe and 𝐷 is the diameter of the pipe.  
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5.2.1 Liquid discharge rates through a small orifice 

This section focuses more on liquid discharge through an orifice. The orifice is defined 

as small compared to the vessel. Eq. 5.19 calculates a general size of a leak based on SINTEF 

(2003). 

𝐴 = 0.475 ∙ 𝑅 ∙ 𝑡        Eq. 5.19 

Eq. 5.19 depends on the radius of the pipe 𝑅 and thickness of the pipe wall 𝑡 and 𝐴 is the cross-

sectional area of the leak. Eq. 5.20 for discharge through this orifice or leak, neglects changes 

in elevation and there are less frictional losses than the flow kinetic energy.  

𝑢 = 𝐶𝐷√[
2

𝜌
(𝑃1 − 𝑃2)]

 

       Eq. 5.20 

This can also be expressed in terms of mass rate W in Eq. 5.21. 

𝑊 = 𝐶𝐷 ∙ 𝐴 √[2𝜌 (𝑃1 − 𝑃2)]       Eq. 5.21 

𝐶𝐷 is the coefficient for a theoretical discharge. The actual discharge is the product of the actual 

cross-sectional area and velocity of the jet. According to Lewitt (1952) and Coulson and 

Richardson (1977-) the limiting values of the coefficient CD are 0.6 and 0.85 at high and low-

pressure ratios, respectively.  

5.2.2 Dispersion of Jet 

The path of a liquid jet can be quite large. It may reach beyond the limit of the area 

classification zone. The simplest way to think of a liquid jet is that it suffers no drag or 

dispersion. For a jet at ground level, the motion in the horizontal direction is defined by Eq. 

5.22. 

𝑑𝑥

𝑑𝑡
= 𝑢 ∙ 𝑐𝑜𝑠 𝛼         Eq. 5.22 

Where 𝑡 is the time from release to touch down point (TDP), 𝑥 is the horizontal distance to TDP 

and 𝛼 is the angle of the jet in relation to the horizontal. The next derivations are under Appendix 

B. 

The maximum distance of travel 𝑥𝑚𝑎𝑥 occurs at 𝛼 =  45𝑜 (Eq. 5.23). 

𝑥𝑚𝑎𝑥 =
𝑢2

2𝑔
         Eq. 5.23 

For an elevated jet, the jet returns to the ground at 𝑡 =  𝑡, 𝑧 =  −𝑧 and, by calculating 

in the same approach, the distance is given by Eq. 5.24, where z is the height above ground. 
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𝑥 =
𝑢2

𝑔
{

𝑠𝑖𝑛 2𝛼

2
+ √[(

𝑠𝑖𝑛 2𝛼

2
)

2

+
2 𝑙∙𝑔∙ 𝑐𝑜𝑠 2𝛼

𝑢2
]

 

}     Eq. 5.24 

For a horizontal elevated jet, the following simple treatment is applicable (Eq. 5.25 and 

Eq. 5.26). 

𝑥 = 𝑢𝑡          Eq. 5.25 

𝑧 =
1

2
𝑔𝑡2         Eq. 5.26 

From Eq. 5.25 and Eq. 5.26 we get the distance expressed by Eq. 5.27. 

𝑥 = 𝑢 (
2𝑧

𝑔
)

1/2

         Eq. 5.27 

In actual situations, the travel distance of a liquid jet will be less than what the equations 

above predict. The jet is subjected to air resistance and to disintegration. A usual assumption is 

that the actual travel distance of the jet is halved due to dimidiation by drag force and 

disintegration Manning (2005). As the volume of water discharged is small, the damage the 

water jet could do to the safety walls is minimal. The danger associated with this hazard is if 

personnel is close to the pipe at the time of discharge. Examples of injuries is if the pressure is 

not bled out, and someone open a valve under pressure.  

5.3 Small, high velocity projectiles 

Due to the stored energy or a rupture, the release of fragments is a possibility. Since 

there is large amount of energy and the fragments usually have low mass, these fragments will 

have large velocity. That makes projectiles a dangerous hazard, and manned areas should have 

barrier protection to prevent damage. Figure 8 shows the projectile used during testing of 

discharge.  

 

Figure 8 Projectile used during testing 
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To calculate the kinetic energy of a fragment the total energy during a burst is necessary 

(Eq. 5.28). 

𝐸𝑘 =
1

2
∙ 𝑚 ∙ 𝑣2        Eq. 5.28 

Where 𝐸𝑘 is kinetic energy of object, 𝑚 is the mass and 𝑣 is the velocity of the object. As we 

can determine the kinetic energy, it is possible to find the fragments velocity (Eq. 5.29) through 

a transformation of Eq. 5.28. 

𝑣 = √2 ∙
𝐸𝑘

𝑚𝑃𝑟𝑜𝑗
        Eq. 5.29 

Where 𝑚𝑃𝑟𝑜𝑗  is the mass of the discharged projectile. This will give quite large velocity for 

small projectiles. Eq. 5.29 is based on one projectile. To account for multiple projectiles it is 

necessary to use the total mass, but it might not give an exact value.  

The trajectory of the fragment depends on the angle of discharge. The distance of the 

fragment is calculated by Eq. 5.24.  

This equation does not take air resistance or any obstacles into account, which makes it a 

conservative calculation. The main reason is that the air resistance is a function of the shape 

and velocity, which is unknown.  

5.4 Plug discharge 

One of the most dangerous hazards is the release of a plug or the end of the pipe. It has 

a large cross-section area compared to the size of the pipe. The easiest way to calculate the 

force acting on the plug is to look at the force-pressure relation (Eq. 3.2). 

To calculate the theoretical energy a plug will have in a discharge, the pressure is 

multiplied by the change in volume. Both the elastic expansion of the pipe (Eq. 5.30) and the 

compression of water (Eq. 5.31) are factors affecting the volume. 

𝐸𝑝𝑙𝑢𝑔 = ∆𝑉𝑡𝑜𝑡𝑎𝑙 ∙ 𝑃         Eq. 5.30 

∆𝑉𝑡𝑜𝑡𝑎𝑙 = ∆𝑉𝑚 + ∆𝑉𝑤        Eq. 5.31 

Here 𝐸𝑝𝑙𝑢𝑔 is the kinetic energy of the plug, ∆𝑉𝑡𝑜𝑡𝑎𝑙 is the combined change in volume from 

elastic strain in the pipe ∆𝑉𝑚 and compressed water ∆𝑉𝑤. This theoretical method implies that 

all energy is transformed into kinetic energy. In case of a discharge energy will go to friction 

force and to release the plug. According to Table 5, the energy transformed into kinetic energy 

of the plug or the end of the pipe is Eq. 5.32. 

𝐸𝑘 = 0.6 ∙ 𝐸𝑝𝑙𝑢𝑔        Eq. 5.32 
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To calculate the change in volume for the compressed water it is necessary to use 

thermodynamics and the specific volume. By using Appendix B for water, it is possible to 

calculate the initial volume (Eq. 5.33) and final volume (Eq. 5.34). 

𝑉𝑖 = 𝑣𝑖 ∙ 𝑚         Eq. 5.33 

𝑉𝑓 = 𝑣𝑓 ∙ 𝑚         Eq. 5.34 

Where 𝑉𝑖 is the initial volume of water, 𝑣𝑖 is the specific volume of water in atmospheric 

pressure (0.001 𝑚3/𝑘𝑔) and 𝑚 is the mass of the water inside the vessel. Further, 𝑉𝑓 is the 

final volume of water and 𝑣𝑓  is the specific volume of water under pressure.  

The work performed to compress the water can be calculated by Eq. 5.35 and change in volume 

is expressed by Eq. 5.36. 

𝑊 = ∫ 𝑃𝑑𝑉
𝑉𝑓

𝑉𝑖
= ∆𝑉𝑤 ∙ 𝑃       Eq. 5.35 

∆𝑉𝑤 = 𝑉𝑓 − 𝑉𝑖         Eq. 5.36 

Here is W the work necessary to compress the water. This is a complete theoretical calculation 

and many parameters will affect the result.  

Another way to calculate the velocity of the plug (Eq. 5.37) is to use the Eq. 5.29.  

𝑣 = √2 ∙
𝐸𝑘

𝑚𝑃𝑙𝑢𝑔
        Eq. 5.37 

Where 𝑣 is the plug velocity and 𝑚𝑃𝑙𝑢𝑔 is the weight of the plug. 
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6 Safety walls theory 

In case of a failure in a pipe, it is probable that a discharged projectile might cause 

injury. To prevent this, safety walls are erected around the test vessel. The walls should be able 

to reduce the risk to an acceptable level. To do this, the walls have to reduce or stop the energy 

from a hazard. The hazards considered in the thesis are pressure wave, fragment, water jet, 

bursting hose, plug module and end section of a pipe.  

All hazards except the pressure wave are considered as kinetic energy. Therefore, these 

will have a direct impact on the walls. A water jet will dissipate quickly as there are small 

amounts of water in the stream. A discharge of a fragment, plug module and end section of the 

pipe will have large amounts of kinetic energy. They are therefor basis for calculating the walls. 

The calculations on penetration and perforation on the walls are based on empirical formulas. 

6.1 Impulse force 

To design a wall, it is necessary to calculate the force in an impact. Impulse force is 

considered as objects with large magnitude, which act over a very small time interval, but cause 

a significant change in the momentum. A high velocity projectile will have large impulse force 

due to rapid negative acceleration. The rate of which an object decelerate, is determined by the 

deformation in both the object and the target. Another factor is the time interval of the 

deformation. To appoint these values accurately it is necessary to conduct impact tests for the 

desired materials. For a steel ball, bouncing on a steel plate, the typical time interval is 

approximately 0.0002 seconds. However, this is of course dependent on the initial velocity and 

the size of the deformation.  

From Newton’s second law we have Eq. 6.1. 

𝐹 = 𝑚 ∙ 𝑎 = 𝑚 ∙
d𝑣

d𝑡
=

d

d𝑡
(𝑚 ∙ 𝑣)      Eq. 6.1 

Where 𝐹, 𝑚, 𝑎 and 𝑣 is force, mass, acceleration and velocity of the projectile, respectively. To 

define the impulse force of the impact (Eq. 6.2) it is necessary to integrate between the time 

interval of the impact. 

∫ 𝐹 𝑑𝑡
𝑡2

𝑡1
= 𝐹(𝑡2 − 𝑡1) = ∆(𝑚 ∙ 𝑣)      Eq. 6.2 
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Eq. 6.2 gives Eq. 6.3: 

𝐹 =
𝑚(𝑣𝑖−𝑣𝑓)

(𝑡2−𝑡1)
         Eq. 6.3 

Here 𝑣𝑖 and 𝑣𝑓 is initial and final velocity of the projectile. The final velocity of the projectile, 

if there is no perforation, will be opposite direction of the initial due to bounce back. The time 

interval of steel on steel impact is quite low, which creates large impulse force.  

Figure 9 all the different forces during an impact. Due to loss in kinetic energy from 

damping force and friction force, the angle of impact will be larger in relation to the horizontal 

than after the impact.  

 

Figure 9 Decomposition of forces during impact 
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6.2 Bounce back 

Elastic deformation in both projectile and target can create bounce back. During the 

collision, there is a deformation in the colliding elements, and bounce back is a result of 

restoration between the two. During the restoration, the elements will push each other apart. 

The energy in this rejection is mainly determined by the elasticity of the materials, initial kinetic 

energy and energy lost in plastic deformation as well as heat loss. A large bounce back is 

undesired as it might change the trajectory of the projectile and increase the severity of the 

situation. Figure 10 shows how a projectile might act against a wall. The angle of the impact 

will change according to energy lost in the impact.  

 

Figure 10 Ball bouncing 

6.3 Coefficient of Residual energy 

A way to determine an approximate value of residual kinetic energy is to use Coefficient 

of Residual energy (CoR). This value is based on the elastic value of the two colliding elements. 

The law of conservation of energy is used as a basis for the calculations. Energy is lost mainly 

due to heat energy and plastic deformation. CoR is given by Eq. 6.4. 

𝐶𝑜𝑅 =
𝑣𝑓

𝑣𝑖
         Eq. 6.4 

The law of conservation of energy (Eq. 6.5) dictates that no energy is lost. 

𝐸𝑘1 = 𝐸𝑘2 + 𝐻 + 𝑊        Eq. 6.5 

Here, 𝐸𝑘1 is the kinetic energy of the projectile and 𝐸𝑘2 is the residual energy after 

impact. 𝐻 is thermal energy produced by the impact and 𝑊 is the work performed on the target. 

The work creates deformation and can be calculated by Eq. 6.6. 

𝑊 = ∫ 𝐹 𝑑𝑥
𝐿2

𝐿1
= 𝐹 ∙ ∆𝐿       Eq. 6.6 
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Where 𝐹 is the impulse force and ∆𝐿. The energy from work can create both elastic and 

plastic deformation, depending on the quantity and material properties. The elastic deformation 

is the energy, which creates the bounce back.   

The value of CoR for impact between two steel materials depends greatly on the velocity 

The higher velocity the lower CoR. Results from Lifshitz & Kolsky (1964) and Thornton & 

Ning (1998) shows that for low velocities (v<10m/s) the CoR is 90%. Impacts with higher 

velocity, 70 % or less of the projectiles energy is conserved as kinetic energy.  

When confronted with angular impacts, it is necessary to decompose the forces into 

axial directions. Tangential impacts have much higher CoR, where usually 90 % of the energy 

remains kinetic energy. This value depends on the angle of the impact as well as velocity. One 

of the reasons for energy loss in tangential impacts is the friction force at the moment of impact. 

Figure 11 shows the different phases in the impact. To the left, is before impact, the middle is 

during mostly elastic deformation and right is during mostly plastic deformation The 

deformation as shown to the right indicates that there will be a lower coefficient of restitution. 

 

Figure 11 Spherical model during impact  

6.4 Wall penetration by projectile 

The calculations for predicting penetration is in most cases developed for concrete and 

rock. This is because concrete and rock is usually means of protection against missiles and 

bullets in war. The US army did extensive research on the subject during World War II. The 

largest issue with the subject is the giant spread in weight and velocity of the projectile as well 

as material strength and thickness of the target wall.  

Most of the research is conducted with small, high velocity bullets in collaboration with 

the military, and is therefore outside scope of predicted hazards. Penetration, perforation and 

scabbing is based on the Teland, (1998) and Latif (2012). 
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The general formula for calculating penetration is given by the relationship between the 

diameter and penetration depth (Eq. 6.7).  

𝑥

𝐷
= 𝛼

𝑀∙𝑣𝛾3

𝐷𝛾2 ∙𝜎𝑐
𝛾1 + 𝛽        Eq. 6.7 

Where 𝑥 is the penetration depth, 𝐷 the diameter and 𝑀 is the mass of the projectile. Further, 

𝑣 is the projectile’s impact velocity and 𝜎𝑐 the compressive strength of the wall, while 𝛼, 𝛽 and 

𝛾𝑖 is various non-dimensional constants.  

One of the issues is that since most of the results are empirical, the dimensions are 

uneven. As the left side is non-dimensional, the 𝛾𝑖-constants on the right side have to be the 

following to meet the same requirement. 

𝛾1 = 1, 𝛾2 = 3, 𝛾3 = 2 

This gives Eq. 6.8. 

𝑥

𝐷
= 𝛼

𝑀∙𝑣2

𝐷3∙𝜎𝑐
 + 𝛽        Eq. 6.8 

The values of 𝛾𝑖 is a special case to satisfy the dimensions on both side. Table 6 shows 

the values in the most fundamental formulas for calculating penetration. The table is collected 

at Teland (1998) 

Table 6 Fundamental penetration formulas 

Formula 𝜶 𝜷 𝜸𝟏 𝜸𝟐 𝜸𝟑 

Beth 3.6 ∙ 10−4𝑁 0.5𝑁 0.5 2.78 1.5 

ACE 3.5 ∙ 10−4𝑁 0.5 0.5 2.785 1.5 

NDRC modificated 3.8 ∙ 10−5𝑁 1.0 0.5 2.9 1.8 

Bernard (concrete) 0.254 ∙ 𝜌−1/2 0 0.5 3.0 1.0 

 

Here 𝑁 is the “nosefactor” of the projectile. It describes the shape of the projectile, which is 

important to describe the penetration. The value of the “nosefactor” varies in the different 

calculations but stays in the range of [0.7,1.2]. In Bernard’s equation, 𝜌 is the density of 

concrete.  

There are some similarities in the formulas above, but they have all problem with uneven 

dimensions. Unfortunately, the data behind the Beth, ACE (Army Corps of Engineers) and 

NDRC (National Defense Research Committee) formulas was not released to the public, which 

have made it difficult to improve the formulas. Another issue is that these tests were performed 

at concrete with strength within the range of [27,44] MPa in World War II. That means that 
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the formulas might not describe the penetration correctly based on today’s specifications. The 

velocity range is also outside the scope of what hazards that might occur.  

The most important parameter considering penetration depth, is 𝛾2, which describes the 

diameter of the projectile. The range between the values of the parameter is quite similar in the 

formulas. This is important for the validity of the results. 

6.4.1 Adeli and Amin formula for penetration 

Adeli and Amin (1985) developed a similar approach. The calculations mostly focused 

on flying objects against nuclear power plants. Further, they believed that to describe the 

penetration, it was necessary with either a quadric (Eq. 6.9) or a cubic polynomial (Eq. 6.10) 

𝑥

𝐷
= 0.0416 + 0.1698𝐼 − 0.0045𝐼2      Eq. 6.9 

𝑥

𝐷
= 0.0123 + 0.196𝐼 − 0.008𝐼2 + 0.0001𝐼3    Eq. 6.10 

Where 𝐼, the impact factor, is defined by Eq. 6.11. 

𝐼 = 𝑁
𝑀𝑣2

𝐷3𝜎𝑐
         Eq. 6.11 

The formula was made for the velocity range of [27,311] m/s, mass range of [0.1,343] 

kg and the range of impact factor is [0.3,21]. The diameter and the penetration ratio (
𝑥

𝐷
) has to 

be less than 12 and 2 meter, respectively. 

6.4.2 Hughes formula for penetration 

Hughes (1984) also developed a formula. This formula (Eq. 6.12) was also 

dimensionally correct, but did not base the material strength on compression but rather the 

tension strength of the concrete. 

𝑥

𝐷
=

0.19𝑁

1+12.3 ln(1+0.03
𝑀𝑣2

𝜎𝑡𝐷3)
∙

𝑀𝑣2

𝜎𝑡𝐷3       Eq. 6.12 

Where 𝜎𝑡 is the tensile strength of concrete. The formula is applicable only if there is 

no scabbing or perforation. This formula also includes the impact formula, although it is not 

expressed by its symbol. For low impact values, the formula may predict too deep penetration.  

  



 

 

 
28 

 

6.4.3 Forrestal formula for penetration 

Later a formula was created by Forrestal (1996), which is partly analytical. The 

projectile is assumed to act as a rigid body. Within the range 0 < 𝑥 < 2𝐷, the force acting on 

the projectile is given by Eq. 6.13. 

𝐹 = 𝜋
𝐷

8
(𝜎𝑐 ∙ 𝑆(𝜎𝑐) + 𝑁 ∙ 𝜌𝑡 ∙ 𝑉1

2)𝑥      Eq. 6.13 

And for 𝑥 > 2𝐷 the force is expressed by Eq. 6.14. 

𝐹 = 𝜋
𝐷2

4
(𝜎𝑐 ∙ 𝑆(𝜎𝑐) + 𝑁 ∙ 𝜌𝑡 ∙ 𝑣2)      Eq. 6.14 

Where 𝑉1
2 is given by Eq. 6.15. 

𝑉1
2 =

2𝑀∙𝑣2−𝜋∙𝐷3∙𝜎𝑐∙𝑆(𝜎𝑐)

2𝑀+𝜋∙𝐷3∙𝑁∙𝜌𝑡
       Eq. 6.15 

In these formulas, 𝑆 is an empirical constant, which is a function of the compressive strength 

of concrete (Eq. 6.16). 

𝑆(𝜎𝑐) = 82.6 (
𝜎𝑐

106)
−0.544

       Eq. 6.16 

𝑆 is, by definition, a non-dimensional constant, but this is not satisfied by the right-hand side 

of the equation. Further, the penetration depth is given by Eq. 6.17: 

𝑥

𝐷
=

2𝑀

𝜋∙𝐷3∙𝜌𝑡∙𝑁
ln (1 +

𝑁∙𝜌∙𝑉1
2

𝜎𝑐∙𝑆(𝜎𝑐)
)       Eq. 6.17 

The Forrestal formula have a good agreement to a lot of tests. The formula is the only 

one which fit for concrete with a stronger compressive strength than 50 MPa. Also the formula 

work best for smaller projectiles with high velocity. 
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6.4.4 Range of empirical formulas 

Table 7 gives a collection of all the formulas for calculating the penetration. Most of 

these formulas are out of range, but they will give some guideline towards the penetration 

thickness. The range in this table applies for the formulas when calculating perforation as well 

as scabbing. The parameters that are missing should be chosen as reasonable values. 

Table 7 Range of empirical formulas for calculating penetration of concrete 

Formula 𝒗 [m/s] 𝑴 [kg] 𝑫 [m] 𝝈𝒄 [MPa] 𝑰 𝒙/𝑫 

Beth [200,1000] - [0.01-0.15] [27,44] - - 

Ace [200,1000] - [0.01-0.15] [27,44] - - 

NDRC [200,1000] - [0.01-0.15] [27,44] - - 

Bernard [300,800] [5.9,1066.0] [0.08,0.26] - - >3 

Adeli & Amin [27,311] [0.1,343] <12 - [0.3,21] <2 

Hughes <1050 - - - <3500 - 

Forrestal* [277,945] [0.1,0.9,5.9] [0.01, 0.03, 0.08] [11.7-15.0, 32.4-40.1, 90.5-108.3] - - 

*The range is special since M1.1 responds to D1.1 and 𝜎𝑐,1.1 in the matrix and so on. 
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6.4.5 Analytical model of penetration 

In later years an analytical model of penetration has been developed by Li and Chen, Li 

(2003). The formula uses the same parameters as the previous formulas but include both 

compressive strength, tensile strength and density of the target concrete. The deceleration of 

the projectile is considered as linear due to neglecting the friction forces. The resistance force 

of the concrete in axial direction is in the initial phase (
𝑥

𝐷
< 𝑘) given by Eq. 6.18 and 𝑘 is given 

by Eq. 6.19. This relation was developed by Forrestal (1994). 

𝐹𝑅 = 𝑐 ∙ 𝑥         Eq. 6.18 

𝑘 = 0.707 +
ℎ

𝐷
        Eq. 6.19 

Where 𝑘 is a dimensionless parameter which describes the nose shape of the projectile, ℎ is the 

nose length and 𝑐 is according to Li (2003), a constant expressed by Eq. 6.20. 

𝑐 =
𝜋∙𝐷2

4𝑘
∙

𝑆∙𝜎𝑐+𝑁∙𝜌∙𝑣2

1+𝑁∙𝜌(
𝜋∙𝑘∙𝐷3

4𝑀
)
        Eq. 6.20 

Where the unit of 𝜎𝑐 is MPa. Further, the resistance force for 
𝑥

𝐷
≥ 𝑘 is given by Eq. 6.21. 

𝐹𝑅 =
𝜋∙𝑑2

4
(𝑆 ∙ 𝜎𝑐 + 𝑁 ∙ 𝜌 ∙ 𝑉2)      Eq. 6.21 

 

The final penetration depth for 
𝑥

𝐷
< 𝑘 is, according to Li (2005) given by Eq. 6.22 and 

𝑥

𝐷
≥ 𝑘 by Eq. 6.23. 

𝑥 = 𝑣√
𝑀

𝑐
         Eq. 6.22 

𝑥 =
2𝑀

𝜋∙𝐷2∙𝑁∙𝜌
ln (1 +

𝑁∙𝜌∙𝑣1
2

𝑆∙𝜎𝑐
) + 𝑘 ∙ 𝑑      Eq. 6.23 

Where 𝑣1 is given by Eq. 6.24. 

𝑣1 = √
𝑀𝑣2−

𝜋∙𝑘∙𝐷3

4
𝑆∙𝜎𝑐

𝑀+
𝜋∙𝑘∙𝐷3

4
𝑁∙𝜌

        Eq. 6.24 
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6.5 Wall perforation by projectile  

The critical part in the case considered in this thesis is when the projectile perforates the 

wall. This is an undesirable situation, which could create a dangerous situation. Figure 12 

shows the damage after a high velocity small projectile perforated the wall. Unfortunately, it 

was not possible to obtain any information regarding the projectile or its velocity. Further, the 

figure show how the reinforcement was deformed and cut by the projectile. The test was 

performed with water pressure at 3000 bar, but the size of the pressurized vessel was not stated. 

The pictures were given with the permission from the owner. 

 

Figure 12 Penetration of safety walls 

To predict the necessary wall thickness to prevent perforation it is necessary to look at 

the relation with penetration. What will be important is to decide a sufficient wall thickness and 

in worst case calculate the residual energy of the projectile.  
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6.5.1 NDRC formula for perforation thickness 

The National Defense Research Committee (NDRC) developed a formula by Chelapati 

and Kennedy (1972), to describe the perforation thickness (Eq. 6.25 and Eq. 6.26). 

ℎ

𝐷
= 1.24

𝑥

𝐷
+ 1.32, 1.35 <

𝑥

𝐷
< 13.5     Eq. 6.25 

ℎ

𝐷
= 3.19 (

𝑥

𝐷
) − 0.718 (

𝑥

𝐷
)

2

,
𝑥

𝐷
< 1.35     Eq. 6.26 

Here 
𝑥

𝐷
 is the penetration depth calculated in the NDRC formula for penetration. Chang 

(1981) argues that the perforation formula by NDRC is too conservative. 

6.5.2 Chang formula for perforation 

Chang’s formula (Eq. 6.27) was derived in 1981 mostly classical mechanic methods. To 

determine some constants, he based them on test data. 

ℎ = 2.79√
𝑀

𝐷3𝜎𝑐
 𝑣0.75        Eq. 6.27 

Where ℎ is the notation for perforation thickness. The range this formula is applicable 

for is projectile velocity 𝑣 between [16.7,311.8] m/s, projectile mass 𝑀 between [0.1,343.6] 

kg, concrete compressive strength 𝜎𝑐 between [23.2,46.4] MPa and projectile diameter 𝐷 

between [20,305] mm. 

6.5.3 Hughes formula for perforation 

Hughes (1984) developed Eq. 6.28 and Eq. 6.29 to describe the perforation of concrete. 

ℎ

𝐷
= 3.6

𝑥

𝐷
,

𝑥

𝐷
< 0.7        Eq. 6.28 

ℎ

𝐷
= 1.58

𝑥

𝐷
+ 1.4,

𝑥

𝐷
> 0.7       Eq. 6.29 

The validity rang of his perforation formula is the same as the penetration formula. The 

value of 
𝑥

𝐷
 is predicted by Hughes penetration formula as well. 

6.5.4 Adeli and Amin formula for perforation 

Adeli and Amin (1985) determined that perforation could be explained with a cubic 

equation (Eq. 6.30) similar to how they explained penetration. 

ℎ

𝐷
= 0.906 + 0.3214𝐼 − 0.0106𝐼2      Eq. 6.30 
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Both the impact factor and the range of validity is the same as their formula for 

penetration.  

6.6 Wall scabbing 

Scabbing is defined as the end section of the wall getting pushed out by the projectile. 

The section, which is discharged, is often larger than the diameter of the projectile.  

 

Figure 13 A two-stage perforation model 

Figure 13 illustrate a projectile penetrating a concrete wall, where the end section is 

separated from the wall. This is referred to as scabbing. The thickness of the released section 

is the scabbing thickness s.  
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6.6.1 NDRC formula for scabbing 

Eq. 6.31 and Eq. 6.32 was derived by Chelapati and Kennedy (1972), and was developed 

years after the tests were conducted.  

𝑠

𝐷
= 7.91

𝑥

𝐷
− 5.06 (

𝑥

𝐷
)

2

,
𝑥

𝐷
< 0.65      Eq. 6.31 

𝑠

𝐷
= 2.12 + 1.36

𝑥

𝐷
, 3 <

𝑠

𝐷
< 18      Eq. 6.32 

6.6.2 Chang formula for scabbing 

To calculate the scabbing thickness Chang (1981) devised Eq. 6.33. 

𝑠 = 3.14 (
𝑀

𝐷3𝜎𝑐
)

0.4

𝑣0.67       Eq. 6.33 

6.6.3 Hughes formula for scabbing 

Hughes (1984) derived Eq. 6.34 and Eq. 6.35 for scabbing thickness based on his 

calculations on penetration and perforation. 

𝑠

𝐷
= 5.0

𝑥

𝐷
,

𝑥

𝐷
< 0.7        Eq. 6.34 

𝑠

𝐷
= 1.74

𝑥

𝐷
+ 2.3,

𝑥

𝐷
> 0.7       Eq. 6.35 

6.6.4 Adeli and Amin formula for scabbing 

Eq. 6.36 is the Adeli and Amin (1985) formula for scabbing. The formula is based on 

curve fitting from results. 

𝑠

𝐷
= 1.8685 + 0.4035𝐼 − 0.0114𝐼2      Eq. 6.36 

Where 𝐼 is the same as in the penetration and perforation formulas.  
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6.7 Review of the formulas 

According to A review of empirical equations for missile impacts on concrete [ref] from 

the Norwegian defence institute, the most accurate of the empirical formulas would be the ones 

developed by Adeli & Amin. Unfortunately, the formulas are based on low impact velocities, 

and may then not be accurate for many of the smaller projectiles possible. Even for low velocity 

impacts, the calculations should have some reservations due to many uncertainties in the results. 

For smaller projectiles, which have higher velocity, there is a greater need for accurate 

results. Almost all high velocity impact data are from the American tests during World War II. 

This means that the calculations will have a large uncertainty, as both concrete and ballistic 

technology has come a long way.  

In this thesis, the penetration will be predicted by the analytical model from Li and Chen. 

The model does not take consideration of perforation or scabbing. To back up Li and Chen’s 

formula if any of the results is unrealistic the empirical formulas will act as a comparison. 

The calculation regarding perforation of the safety walls is important when estimating 

the safety level. Unfortunately, the behavior of the structure is quite hard to predict. The 

penetration of the wall is therefore based mostly if the penetration depth exceeds the wall 

thickness 

The calculation of scabbing is quite uncertain and the result from these calculations will 

not be emphasized during the results. This mainly because of old formulas with outdated 

properties.  
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7 Test of projectile discharge 

This chapter presents the experiment conducted as part of this thesis work. The objective 

of this experiment is to determine the amount of energy in a pressurized vessel, which is 

transferred into kinetic energy during failure. This is to get a better understanding of an actual 

failure. Another reason for conducting the test was to illustrate how much energy a test contains. 

The test will be conducted with different pressures to compare more data.  

To measure the energy, a projectile with a weakened fastening is put at the end of a pipe. 

The assembly (Figure 14) is designed so the strength of the fastening is adjustable.  

 

Figure 14 Model of test-assembly 

The aim with this experiment is to examine the relationship between theory and practice 

of pressure testing. There are different theories to the energy release in a failure of a vessel, and 

hopefully during this test a comparison is possible. The largest issue is how much of the 

potential energy in the pressurized vessel is transformed into kinetic energy. 
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7.1 Testing procedure 

The test was performed with hydrostatic pressure inside a pipe. One of the end sections 

had a projectile, which was fastened with M3-pins. This is shown in Figure 15. The left side 

show the projectile section in the drawing, while the right photo is from the actual test. The 

number of M3-pins was adjustable to conduct the test under different conditions. When the pins 

failed, the projectile was released from the pressure vessel. The aim was to calculate the kinetic 

energy in the projectile by measuring the trajectory after failure. 

  

 

 

 

 

   

 

Figure 15 Projectile with pins:  

To contain the different hazards identified in a pressurized vessel a job safety analysis 

was performed. The procedure and job safety analysis made in collaboration with T.D. 

Williamson is in Appendix C. The pressurized pipe was placed inside a larger steel pipe to 

prevent hazards directed towards the operational area. The projectile was facing an open area 

and the other end was facing a steel container. All personnel and essential equipment was placed 

behind a concrete safety wall. The test vessel was connected to a data log, which read the inside 

pressure. Figure 16 shows the test area and the test assembly.  

 

Figure 16 Test-assembly with protective pipe 
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The test was conducted several times with different number of fasteners. Due to a time 

limit, the test was only conducted for three different scenarios through five tests in total. Firstly, 

the test-rig was prepared according to the assembly in Appendix C and placed according to the 

model of the test area. In each test, the vessel was filled with water and before the projectile 

was fixed, it was ensured that there was no air trapped inside. The projectile was fixed with 3 

mm pin(s) of brass. When the test rig was prepared for launch, it was put inside a pipe to give 

a protective barrier in case of rupture and was placed in horizontal position. The recording 

device were activated and when all personnel were behind the safety wall, the vessel was put 

under pressure. The pressure was gradually increased until burst of projectile. Due to more 

energy in the tests than expected, the maximum amount of pins was three.  

7.2 Equipment 

For this test, the following equipment are used: 

- Projectile (2) 

- Watertight vessel 

- Data log 

- Compressor/pressure transmitter 

- O-rings (20) 

- M3-pins in brass (50-60) 

- Water supply 

- Electricity 

- Level 

- Personal Protective Equipment (Glasses, helmet, hearing protection, protective 

footwear, gloves) 

- Distance measurement device 

- Camera equipment (Gopro, tripod) 

- Visualized aid for camera: Steel wire and papers 

Drawings of projectile and pressure vessel as well as datasheet for the Brass M3-pins is 

collected in Appendix C. 
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7.3 Preliminary calculations 

To get an estimate of the different expected energy levels during the test a set of 

preliminary calculations were performed. The calculations involve ultimate shear strength 

(USS) on the M3-pins, force to pressure relation, expected projectile trajectory and potential 

energy in the test.  

7.3.1 Ultimate shear strength Brass M3-pins 

Table 8 gives an overview over the results in this section. The results are calculated by 

the formulas in this chapter.  

Table 8 Results preliminary calculations M3-Pins 

 Symbol Value 

Ultimate tensile strength [MPa] 𝜎𝑈𝑇𝑆 338 − 469 

Ultimate shear strength [MPa] 𝜏 230 − 319 

Diameter pin [m] 𝐷𝑏𝑜𝑙𝑡 0.003 

Diameter projectile [m] 𝐷𝑝𝑟𝑜𝑗  0.027 

Force/bolt [N] 𝐹𝑏𝑜𝑙𝑡 1626 − 2255 

Pressure [bar/bolt] 𝑃𝑏𝑜𝑙𝑡 28.4 − 39.4 

Max pressure 8 pins [bar] 𝑃𝑚𝑎𝑥 227.2-315.1 

 

Table 9 give the relation between UTS and USS.  The table also give the relation between shear 

yield strength (SYS) and tensile yield strength (TYS) 

Table 9 Ultimate tensile strength vs Ultimate shear strength 

Material Approx. relationship between USS and UTS Approx. relationship between SYS and TYS 

Steels USS = 0.75 ∙ UTS SYS = 0.58 ∙ TYS 

Ductile Iron USS = 0.9 ∙ UTS SYS = 0.75 ∙ TYS 

Malleable Iron USS = 1.0 ∙ UTS  

Wrought Iron USS = 0.83 ∙ UTS  

Cast Iron USS = 1.3 ∙ UTS  

Aluminum USS = 0.65 ∙ UTS SYS = 0.55 ∙ TYS 

Brass USS = 0.68 ∙ UTS  

 

Ultimate shear strength from ultimate tensile strength (Eq. 7.1). 

𝜏 = 0.68 ∙ 𝜎𝑈𝑇𝑆        Eq. 7.1 
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Ultimate Shear strength is expressed by Eq. 7.2. 

𝜏 =
𝐹

𝐴𝑝𝑖𝑛
=

4∙𝐹

𝜋∙𝐷𝑝𝑖𝑛
2         Eq. 7.2 

From this relation it is possible to find the pressure acting on the projectile (Eq. 7.3). 

𝐹𝑝𝑖𝑛 = 𝑃𝑝𝑖𝑛 ∙ 𝐴𝑃𝑟𝑜𝑗 =
𝜏∙𝜋∙𝐷𝑝𝑖𝑛

2

4
       Eq. 7.3 

The pressure necessary for failure by each pin is expressed by Eq. 7.4. 

𝑃𝑝𝑖𝑛 =
𝜏∙𝜋∙𝐷𝑝𝑖𝑛

2

4∙𝐴𝑃𝑟𝑜𝑗
=

𝜏∙𝐷𝑝𝑖𝑛
2

𝐷𝑃𝑟𝑜𝑗
2        Eq. 7.4 

The maximum theoretical pressure (Eq. 7.5) during the test. 

𝑃𝑚𝑎𝑥 = 𝑃𝑝𝑖𝑛 ∙ 8        Eq. 7.5 

The pins are brass, with an UTS between 338 and 469 [MPa]. Error-sources in these 

calculations include the actual UTS, the relation between UTS and USS as well as friction 

forces in the fitting of the projectile. 
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7.3.2 Calculation of potential energy in the vessel 

Different theories from Ch. 5 under projectile discharge are considered in these 

calculations. The properties and results of the test are given in Table 10 and Table 11, 

respectively. 

Table 10 Results of preliminary calculations Baker equation 

 Symbol Value 

Volume vessel [m3] 𝑉 0.0187 

Pipe radius to wall thickness ratio 𝛿 5.426 

Water density [kg/m3] 𝜌 1000 

Bulk modulus water [Pa] 𝛽 2.2 ∙ 109 

Compressibility water [1/Pa] 𝐶 4.55 ∙ 10−10 

Number of bolts 𝑛 8 

Energy Baker Equation [J/pin] 𝐸𝐵 (34.3 − 66.0) ∙ 𝑛2 

 

Table 11 Preliminary calculation results based on first law of thermodynamics 

Pressure [bar] Specific Volume [m3/kg] Energy 𝑷𝒅𝑽 

0 0.001002 0 

40 0.001000 131.8 

80 0.000988 581.9 

120 0.000988 1320.5 

160 0.000996 2238.1 

200 0.000993 3394.4 

220 0.000992 4062.1 

 

The elastic energy in the pipe was not included as it was small compared to the potential energy 

of the compressed water. The results show that the Baker equation give a significantly lower 

potential energy for each pin. 
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7.3.3 Calculation of trajectory 

The results from the equations in this section is gathered in Table 12. The results are 

based on calculations from the Baker equation and the first law of thermodynamics as well as 

Manning (2005) on the relation between potential energy and kinetic energy of a projectile. 

This relation says that the kinetic energy in a projectile will have 20% of the total energy from 

the calculations using the Baker formula. 

Table 12 Preliminary trajectory results 

 Symbol Value Trajectory length (𝒛 = 𝟏)** 

Mass [kg] 𝑚𝑝𝑟𝑜𝑗 0.35 - 

Initial velocity 1 pin Baker [m/s] 𝑣𝐵1
 6.3 − 8.8 2.8 − 4.0 

Initial velocity 2 pins Baker [m/s] 𝑣𝐵2
 12.5 − 17.6 5.6 − 7.9 

Initial velocity 3 pins Baker [m/s] 𝑣𝐵3
 18.8 − 26.4 8.5 − 11.9 

Initial velocity 4 pins Baker [m/s] 𝑣𝐵4
 25.0 − 35.2 11.3 − 15.9 

Initial velocity 5 pins Baker [m/s] 𝑣𝐵5
 31.3 − 44.0 14.1 − 19.9 

Initial velocity 6 pins Baker [m/s] 𝑣𝐵6
 37.6 − 𝑛/𝑎∗ 17.0 − 𝑛/𝑎* 

Initial velocity 7 pins Baker [m/s] 𝑣𝐵7
 43.8 − 𝑛/𝑎∗ 19.8 − 𝑛/𝑎* 

Initial velocity max pressure [m/s] 𝑣𝐵𝑚𝑎𝑥
 48.4 21.9 

Initial velocity 1 pin Therm. [m/s] 𝑣𝑇1
 12.3 5.6 

Initial velocity 2 pins Therm. [m/s] 𝑣𝑇2
 25.8 11.6 

Initial velocity 3 pins Therm. [m/s] 𝑣𝑇3
 38.8 17.5 

Initial velocity 4 pins Therm. [m/s] 𝑣𝑇4
 50.6 22.8 

Initial velocity 5 pins Therm. [m/s] 𝑣𝑇5
 62.3 28.1 

Initial velocity max pressure [m/s] 𝑣𝑇𝑚𝑎𝑥
 68.1 30.7 

Calculations of Thermodynamic formula is based on highest pressure, *maximum allowable pressure is 220 bar, **All dimensions are in [m] 

Usually the Baker formula has been used as basis when calculating energy, and the 

projectile distance was not expected to exceed 30 meters. To calculate the potential energy into 

kinetic energy Eq. 5.28 was used. From this we could calculate the velocity of the projectile. 

To calculate the length of the trajectory it is necessary to use the same method as in 

Chapter 5 regarding a water jet. Since the vessel is assumed to be completely leveled, the height 

is given by Eq. 7.6. 

𝑧 =
1

2
𝑎 ∙ 𝑡2         Eq. 7.6 

When calculating the trajectory of the projectile the air resistance is neglected.  
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7.4 Test results 

The results of the projectile had larger kinetic energy than expected. Therefore, due to 

safety considerations, the maximum amount of pins used during the test was three. Due to quite 

uneven terrain, the height of impact zone was quite hard to measure. Therefore, the velocity of 

the projectile was measured with a camera and a scale. The camera took 120 photos per second, 

and the stick was 2.5 meters. With this equipment it was possible to calculate the velocity of 

the projectile. Figure 17 shows the captions of the test were the projectile had the highest 

velocity. The figure shows how a water jet will dissipate during a discharge.  

  

  

  
Figure 17 Captions of projectile discharge during test 
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Table 13 Test results 

Test Pin Pressure [bar] Length [m] Velocity [m/s] Note 

1 1 2 5 9 Projectile insufficient fastened 

2 1 43 12 25 Height approx. 1 meter 

3 2 75 44 44 Height approx. 2.6 meter 

4 2 80 43 46 Height approx. 2.6 meter 

5 3 133 65 63 Height approx. 2 meter 

 

Table 13 gives the results from the test. The first test conducted the pin were not properly 

fastened to the projectile, which led to an early discharge under low pressure. That test is 

therefore excluded from the results as a deviation.  

7.5 Discussion of results 

Due to larger kinetic energy than expected, the results show that more than 20% of 

potential energy is transformed into kinetic energy. Also, the pins withstood larger forces than 

the calculations predicted. 

Table 14 Comparison of test results and calculations 

 Pressure [bar] Test [m/s] Baker  [m/s] Therm. [m/s] Note 

1 2 9 - - Excluded 

2 43 25 21 29 Baker (-4), Therm. (+4) 

3 75 44 37 54 Baker (-7), Therm. (+10) 

4 80 46 39 58 Baker (-7), Therm. (+12) 

5 133 63 65 95 Baker (+2), Therm. (+33) 

 

Table 14 gathers the results from the test together with the calculations from the Baker 

formula and the first law of thermodynamics. It is assumed in these calculations that all of the 

potential energy inside the test is transformed into kinetic energy in the projectile.  

The results show that Baker formula gives the most accurate representation of the 

results. It shows a lower velocity for all except the last test, but this may be since the material 

elastic energy has not been included. The pump may also have a larger effect on the projectiles 

at lower pressure rates. The first law of thermodynamics gives quite the conservative velocities, 

and this is without the energy from change of entropy? Inside the vessel and the elastic material 

energy.  
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Figure 18 shows the calculations and test results in a graph. This shows how similar the 

energy in the Baker formula and the first law of thermodynamics increase quite similarly. When 

looking at the results of the tests, the increasing kinetic energy in the projectile follows the same 

trend as the calculations until the last test. Here, the velocity is lower than what the calculations 

indicate. This may be due to different error-sources.  

 

Figure 18 Graph of projectile velocity from test and calculations 

Due to many uncertain elements during the test, we have a lot of error-sources. 

Therefore, the results will only be used as a guideline to which method to use later in the thesis. 

Here are the error-sources that might have had some impact on the results: 

1. During the discharge, the pressure vessel is pushed back from the energy released. 

Therefore, some of the energy in the discharge is transferred over to the vessel.  

2. The pump used in the testing is quite coarse so fine tuning when reaching max pressure was 

difficult. Therefore, the continuous flow from the pump adds to the change in volume and 

give the projectile more kinetic energy. This will most likely happen during a normal 

pressure test, so the energy should be included, but the formulas do not take this into 

account.  

3. The vessel might not have been completely horizontal during discharge, and therefore the 

length might be longer or shorter and give inaccurate results. 

4. Uncertainty in the results as the test was only conducted one or two times for each situation.  

5. Air resistance and wind changes the velocity of the projectile. The air resistance force and 

wind force is uncertain elements acting on the projectile during its trajectory. It is hard to 

determine both as the wind speed is not known, as well as the shape coefficient on the 

projectile changes since the projectile starts to rotate during the trajectory.  

6. Uncertainty in pressure measuring equipment. The data-log might show inaccurate pressure. 
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Smaller error sources include: 

1. Friction acting on the projectile during discharge. The projectile is fitted to the vessel so 

there is no leak. This will create friction during discharge and will give some reduction in 

kinetic energy in the projectile.  

2. Inaccurate measurement of distance and height. Due to quite large trajectory, and variable 

terrain, the measurement of the distance was difficult. This method of calculating the 

velocity was not used because of uncertainty in distance and height. It is therefore 

considered as a minor error source.  

From the results the Baker formula seems to be the best fit. If the elastic energy of the 

material is included as well, the formula will give a more conservative indication of the energy 

inside a pressurized vessel. This was not included in the results because of the number of error-

sources. 
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8 Total energy during pressure testing 

Based on the results from the test, the thesis will use the Baker formula when calculating 

the potential energy inside a pressurized vessel. The pressure tests used as a basis for calculating 

the strength of the walls is a 500 bar structural test on a Smartlay and a 200 bar Factory 

Acceptance Test (FAT) of a 48” Smartplug. These have the largest potential energy of the 

pressure tests conducted at T.D. Williamson Offshore Services. Appendix Testing pipes shows 

drawings and specifications of the pipes. 

8.1 200 bar FAT-test Smartplug 

The 200 bar FAT-test of a 48” Smartplug is the test with the largest potential energy. 

This is because of large volume. Table 15 gives the specifications of the pipe and test: 

Table 15 The 200 bar FAT-test of a 48" Smartplug 

Pipe: API X70 Symbol Value 

Inner Diameter [m] 𝐼𝐷𝐹𝐴𝑇  1.153 

Thickness pipe [m] 𝑇𝐹𝐴𝑇  0.041 

Diameter ratio 𝛿𝐹𝐴𝑇  14.06 

Length [m] 𝐿𝐹𝐴𝑇  6.00 

Test pressure [bar] 𝑃𝐹𝐴𝑇  200 

Cross-sectional area [m2] 𝐴𝐹𝐴𝑇  1.044 

Volume [m3] 𝑉𝐹𝐴𝑇  6.265 

Yield stress of pipe [MPa] 𝜎𝑦,𝐹𝐴𝑇  485 

Young’s modulus [GPa] 𝐸𝐹𝐴𝑇  206 

Poisson ratio 𝑣𝐹𝐴𝑇  0.3 

Mass plug [kg] 𝑚𝑝𝑙𝑢𝑔.𝐹𝐴𝑇  6000 

Mass end section [kg] 𝑚𝑒𝑛𝑑,𝐹𝐴𝑇  900* 

Baker [J] 𝐸𝐵,𝐹𝐴𝑇  569517 

Thermodynamics [J] 𝐸𝑇,𝐹𝐴𝑇  1140174 

Elastic energy Material [J] 𝐸𝑀,𝐹𝐴𝑇  162616 

Energy used in thesis [J] 𝐸𝐹𝐴𝑇  732133 

*
Approximate value 

From the results in the test, the elastic energy of the material and Baker formula give a 

good representation of the energy inside a test.  
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8.2 500 bar structural test Smartlay 

The test with the highest pressure is a 500 bar structural test on a Smartlay. The pressure 

is larger than the previous test but the pipe has a smaller cross-section and length. The properties 

of the test is given in Table 16. 

Table 16 Properties of 500 bar structural test Smartlay 

Pipe: API X65 Symbol Value 

Inner Diameter [m] 𝐼𝐷𝑠𝑡𝑟  0.741 

Thickness pipe [m] 𝑇𝑠𝑡𝑟  0.105 

Diameter ratio 𝛿𝑠𝑡𝑟 9.06 

Length [m] 𝐿𝑠𝑡𝑟 1.00 

Test pressure [bar] 𝑃𝑠𝑡𝑟  500 

Cross-sectional area [m2] 𝐴𝑠𝑡𝑟 0.4312 

Volume [m3] 𝑉𝑠𝑡𝑟 0.4312 

Yield stress of pipe [MPa] 𝜎𝑦,𝑠𝑡𝑟 485 

Young’s modulus [GPa] 𝐸𝑠𝑡𝑟  206 

Poisson ratio 𝑣𝑠𝑡𝑟  0.3 

Mass plug [kg] 𝑚𝑝𝑙𝑢𝑔.𝑠𝑡𝑟  1300 

Mass end section [kg] 𝑚𝑒𝑛𝑑,𝑠𝑡𝑟  400* 

Baker [J] 𝐸𝐵,𝑠𝑡𝑟  245027 

Thermodynamics [J] 𝐸𝑇,𝑠𝑡𝑟 476528 

Elastic energy Material [J] 𝐸𝑀,𝑠𝑡𝑟 199131 

Energy used in thesis [J] 𝐸𝑠𝑡𝑟  444158 

*
Approximate value 

Even with more than twice the pressure, the test in Ch. 7 contains more potential energy. 

This shows the significance of volume as well as pressure in terms of energy in a pressure test. 

The elastic energy of the pipe is also less than the previous test. This is because the area on 

which the pressure acts is smaller in the structural test than in the FAT test. 
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8.3 Pressure wave result 

The pressure wave created from a rupture of the pipe can be calculated into weight of 

TNT. Through Eq. 5.13 and Eq. 5.14 the weight of TNT and the safety zone can be calculated 

for the tests considered in this thesis. The results are given in table 17. 

Table 17 Result of pressure wave 

Test: Weight TNT [g] Risk of eardrum rupture [m] Safe distance [m] 

200 bar FAT-test Smartplug 150.955 2.40 31.95 

500 bar structural test Smartlay 91.579 2.03 27.04 

 

The results in Table 17 is only valid if all the potential energy inside a pressure vessel 

is transformed into a pressure wave. To create a pressure wave of this magnitude, all the energy 

has to be released at the same time. Therefore, the wave with significant magnitude will only 

occur during a total collapse of pipe or discharge of an end section. Table (From lees’) shows 

how much of the energy is transferred into kinetic energy and pressure wave in such a failure. 

The calculations do not consider obstacles, such as safety walls, which result in a higher 

theoretical safe distance.   

8.4 Water jet result 

 A hazard involving a water jet can be calculated through the formulas in Chapter 5.2. 

The velocity of the water jet is calculated through the transformed Bernoulli’s formula 

expressed in Eq. 5.16. A simplification of Eq. 5.16 for discharge through a small orifice is given 

by Eq. 5.20.  

The trajectory of the jet is calculated through Eq., Eq. and Eq., which gives the 

maximum distance travelled, distance for any give angle and distance for a horizontal jet, 

respectively.  

The results from the velocity and trajectory is given in Table 18. These results do not 

include air resistance or the disintegration in the jet. The usual assumption is that the actual 

travel distance of the jet is halved to dimidiation by drag force and disintegration Manning 

(2005). 

Table 18 Water jet results 

Test (height: 𝒛 = 𝟏 [m]) Velocity [m/s] Trajectory horizontal discharge [m] Max distance [m] 

200 bar FAT-test Smartplug 120 54.2* 733.9* 

500 bar structural test Smartlay 190 85.7* 1834.9* 

*The distance is unrealistic as the yet will dissipate at such velocities. The drag force will also influence the jet greatly. 
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The distance of the travelled jet is quite large. The water jet will not be able to do any 

significant damage to the wall. This is due to the change in volume is small and the velocity of 

the jet will decrease quickly because of diminishing pressure after failure. An angle at discharge 

that gives a jet the trajectory that elude the wall, will have lost most of its kinetic energy before 

it reaches ground level. Therefore, the water jet will not be considered a hazard with the same 

risk level as a projectile.  
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9 Design of Safety walls 

When developing a design, it is important to consider the limiting factors and the area 

of application. Sections of the walls should be portable, which require reasonable weight and a 

practicable way of movement. The transporting options are a 15-ton bridge crane and a forklift 

with maximum capacity at 8-10 ton. To make testing more efficient it is also important that the 

safety walls are easy to install and remove.  

Another limiting factor is the cost. The development of the design should be based on 

ALARP, which in terms of cost, means that the outcome of the measure should reflect the cost. 

The main cost depending areas is choice of material, production cost and functionality features.  

9.1 Choice of materials 

When choosing the material for the walls there are important factors to consider. The 

material strength and ductility in both elastic and plastic deformation is important. Energy is 

absorbed through deformation, heat loss and friction force. A material that allow large 

deformation is therefore desirable for this purpose. Elastic deformation will make a projectile 

bounce back when it is restored to its original shape. With plastic deformation, the energy goes 

into permanently changing the structure. A material which have large plastic elongation is 

desired as it will absorb more energy.  

9.1.1 Steel barrier 

One choice of material is steel. The advantage with steel, is low density compared to 

strength and the ability to withstand shear and tension forces. Disadvantages are cost, both in 

material but also in production. Steel also have a large coefficient of restitution as well as great 

impulse force because of small time interval during the impact. Steel is a material with high 

elasticity and with the right alloy it can provide a good barrier. Preferable, a steel alloy with 

high toughness.  

Austenitic steels are quite suitable since many have high tensile strength and allows for 

large plastic deformation. Two quite suitable austenitic steels are 304 and 316. AISI 304 have 

a tensile strength of 505 MPa and an elongation of 70% at break. AISI 316 has on the other 

hand a tensile strength of 580 MPa, but an elongation of 50%. The ductility of these materials 

make them suitable to absorb energy from impacts. The downside of these steels is that they 

are quite expensive.  

A cheaper material which also may be an option is the s355. It is a steel which handle 

impact loads quite well. The tensile strength varies from 490 to 630 MPa depending on the 

material. This steel has only an elongation of 18%, which makes the austenitic steels more 

suitable. 
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In a collision between two elements the elastic energy could be considered as a spring 

force (Eq. 9.1).  

𝐹 = 𝑘 ∙ 𝑥         Eq. 9.1 

Where 𝐹 is the spring force, 𝑘 is the spring coefficient and 𝑥 is the deformation. If the cross-

sectional area of the “spring” is included, Eq. 9.2 is transformed into Hooke’s law. 

𝜎 = 𝐸 ∙ 𝜀         Eq. 9.2 

From Hooke’s law for spring force the work done to compress a spring is given by Eq. 9.3. 

𝐴 = ∫ 𝑘 ∙ 𝑥 𝑑𝑥 =
1

2
𝑘 ∙ 𝑥2       Eq. 9.3 

To calculate the energy in the impact it is necessary to calculate the work applied on the two 

colliding elements (Eq. 9.4). 

𝑈𝑒𝑙 =
1

2
𝐸 ∙ 𝜀2 =

𝜎2

2𝐸
        Eq. 9.4 

Where 𝑈𝑒𝑙 is the energy absorbed by elastic deformation in the steel. The absorbed is expressed 

as work per unit of volume of the deformed material. To calculate the volume of the 

deformation as shown in Figure 19, it is necessary to use the elongation of the material. 

Elongation is connected to the thickness of the wall (Eq. 9.5) 

ℎ𝑤 = 𝑡𝑤 ∙ 𝑒         Eq. 9.5 

 

Figure 19 Local deformation in wall 

Here ℎ𝑤 is the radius of  the deformation as shown in Figure, 𝑡𝑤 the wall thickness and 𝑒 the 

elongation of the steel. The deformation shape is assumed to be similar to a paraboloid where 

the volume is given by Eq. 9.6. 

𝑉𝑤 =
𝜋∙𝑅𝐿

2∙ℎ𝑤

2
         Eq. 9.6 

Where 𝑉𝑤 is volume of the paraboloid and 𝑅𝐿 is the radius of the local deformation zone.  

Another way to calculate the ability to resist impact or toughness of the material, is to 

look at the energy absorbed in stressing to fracture. The energy absorbed is equal to the area 
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under the stress-strain curve as shown in Figure 20. The figure shows the difference in area of 

a ductile and a brittle material.  

 

Figure 20 Area under stress-strain curve 

The modulus of toughness based on engineering stress is given by the area in Eq. 9.7. 

𝑇𝐸𝑛𝑔 = ∫ 𝜎
𝜀𝑓

0
𝑑𝜀 =

1

2
∫ 𝜎𝑦 𝑑𝜀

𝜀𝑦

0
+ ∫ 𝜎𝑦 𝑑𝜀

𝜀𝑓

𝜀𝑦
+

𝜋

2
∫ (𝜎𝑈𝑇𝑆 − 𝜎𝑦) 𝑑𝜀

𝜀𝑓

𝜀𝑦
 Eq. 9.7 

Where 𝑇𝐸𝑛𝑔 is the engineering toughness of the material, 𝜀𝑓 is the strain at fracture of the wall, 

𝜎𝑦 and 𝜀𝑦 is the yield strength and strain at yield of the material, respectively. Strain before 

fracture is calculated by Eq. 9.8. 

𝜀𝑓 ∙ 𝐴𝑤 = 𝐴𝑒 − 𝐴𝑤        Eq. 9.8 

Which transforms to Eq. 9.9. 

𝜀𝑓 =
√𝑅𝐿

2+ℎ𝑤
2 −𝑅𝐿

𝑅𝐿
        Eq. 9.9 

Here 𝐴𝑒 is the surface area of the paraboloid and is given by Eq. 9.10. 

𝐴𝑒 = 2𝜋√𝑅𝐿
2 + ℎ𝑤

2         Eq. 9.10 

Further, the energy is calculated through Eq. 9.11. 

𝐸𝑠 = 𝑇 ∙ 𝑉𝑤         Eq. 9.11 

Where 𝐸𝑠 is energy from deformation of the steel walls and 𝑉𝑠 is the volume of the deformation. 

Using the engineering stress is a conservative way to calculate the toughness during 

impulse load. Energy absorbed during impact is determined by true stress and true strain. 
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According to [ref], the relationship between engineering stress and strain compared to true 

stress and strain, is expressed by Eq. 9.12 and Eq. 9.13: 

𝜎𝑇𝑟𝑢𝑒 = 𝜎𝑈𝑇𝑆(1 + 𝜀𝑓)       Eq. 9.12 

𝜀𝑇𝑟𝑢𝑒 = ln (1 + 𝜀𝑓)        Eq. 9.13 

Where 𝜎𝑇𝑟𝑢𝑒 is the true stress and 𝜀𝑇𝑟𝑢𝑒 is the true strain. Further the area under the curve is 

calculated by Eq. 9.14. 

𝑇𝑇𝑟𝑢𝑒 =
1

2
∫ 𝜎𝑦 𝑑𝜀

𝜀𝑦

0
+

1

2
∫ 𝜎𝑦 + 𝜎𝑇𝑟𝑢𝑒𝑑𝜀

𝜀𝑓

𝜀𝑦
     Eq. 9.14 

Here 𝑇𝑇𝑟𝑢𝑒 is the toughness during impact. The change in true stress-strain rate is considered 

to be linear after yield. The absorbed energy is given in Table 19. 

Table 19 Steel properties 

 Yield strength [MPa] Eng. strain True strain [m/m] True stress [MPa] 𝑇𝑇𝑟𝑢𝑒 [J/m3] 

S355 355 0.15 0.14 627 6.247 ∙ 107 

AISI 316 290 1.41 0.88 1400 7.296 ∙ 108 

AISI 304 215 1.53 0.93 1275 6.801 ∙ 108 

 

The energy is then given by Eq. 9.15, where 𝑈𝑠 is the absorbed energy by the steel wall. 

𝑈𝑠 = 𝑇𝑇𝑟𝑢𝑒 ∙ 𝑉𝑤        Eq. 9.15 

The radius of the local deformation is estimated based on the projectile diameter. For 

simplification purposes, the diameter of deformation is considered to be twice the projectile 

diameter. Figure 19 shows the perforation of a 4 mm thick steel plate with small projectiles. 

The initial velocity of the projectiles was 200, 316 and 580 [m/s], respectively.  

 

Figure 21 Perforation thin steel plate 

The shear and moment capacity of the wall will only be an issue when considering a 

larger projectile. A small projectile will only influence the wall on a local scale, due to moment 

of inertia in the wall. A large projectile is defined as a plug or an end section of the pipe.  
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Moment resistance 

To calculate the moment resistance in the wall, the moment arm is essential. The large 

projectiles are all placed in horizontal position at a height of approximately 1 meter. Therefore, 

the moment arm is considered as the same. The moment force is given by Eq. 9.16. 

𝑀𝑎𝑟𝑚  =  𝐹 ∙ 𝑙         Eq. 9.16 

Where 𝑀𝑎𝑟𝑚 is the moment force and 𝑙 the height of impact. Further, the deflection in the wall 

is given by Eq. 9.17. 

𝑓 =
𝐹

𝐸𝐼
∙

𝑙3

3
         Eq. 9.17 

Here 𝑓 is the deflection in the wall and 𝐼 the moment of inertia. The moment of inertia is 

dependent on the shape of the wall.  

Eq. 9.18 calculates the angle of the deflected wall at the area of impact. 

𝐴𝐹 =
1

6

𝐹2𝑙3

𝐸𝐼
         Eq. 9.18 

Where 𝐴𝐹 is the angle of the deformed wall at impact. 

The calculations do not consider buckling and walls are assumed to be fixed to the floor. 
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Axial resistance 

For axial forces in the support, there is friction force from the weight of the wall, friction 

force from the fastening bolt and shear forces in the bolt. Friction coefficient is approx. 0.6. 

The axial force acting on the wall is expressed by Eq. 9.19. 

𝐴𝑥 = 𝐹         Eq. 9.19 

Where 𝐴𝑥 is the axial force of the wall. The axial resistance of the wall is defined as Eq. 9.20. 

𝐴𝑟 = 𝐹𝑆,𝐵𝑜𝑙𝑡 + 𝐹𝑁 + 𝐹𝑁,𝐵𝑜𝑙𝑡       Eq. 9.20 

Here, 𝐴𝑟 is the axial resistance of the wall, 𝐹𝑆,𝐵𝑜𝑙𝑡 the shear strength in the bolts defined in Eq., 

𝐹𝑁 is the gravitational force and 𝐹𝑁,𝐵𝑜𝑙𝑡 is the fastening force from the bolts. The gravitational 

force is expressed in Eq. 9.21. 

𝐹𝑁 = 𝑚𝑤 ∙ 𝑔 ∙ 𝜇𝑓        Eq. 9.21 

 Where 𝑚𝑤 is the mass of the wall and 𝜇𝑓 is the coefficient for friction between the wall and 

the floor. Further, the fastening force from the bolts is expressed in Eq. 9.22. 

𝐹𝑁,𝐵𝑜𝑙𝑡 =
2𝜋∙𝐺

𝑡𝑖
𝜇𝑓        Eq. 9.22 

Here 𝐺 is the fastening torque and 𝑡𝑖 is the thread incline. No friction force is considered during 

the fastening. 
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9.1.2 Concrete barrier 

The most commonly used material for safety walls is reinforced concrete. This is 

concrete filled with steel bars as shown in Figure 22. Reinforced concrete has good compressive 

strength, have low cost on both raw material and production as well as it allows for large plastic 

deformation. Drawbacks are low shear and tensile strength, variation in concrete mixture and 

uncertainty in the material properties of the reinforcement.  

 

Figure 22 Reinforced concrete 

The strength of the concrete is mainly decided by the concrete mixture and the amount 

of reinforcement. For normal reinforced concrete a compressive strength of 80 MPa is 

manageable. If the strength is insufficient, Ultra-High Performance Concrete can give 

compressive strength up to 200 MPa. The shear and tensile strength in RC is for the most part 

dependent on the reinforcement. The steel used in reinforcement should have high relative 

strength, high toleration of tensile strength and a good bond to the concrete.  

The concrete has the same deformation as the reinforcement.  The concrete and the 

reinforced steel also have linear elastic properties, which means Hooke’s law applies (Eq. 9.23 

and Eq. 9.24) 

𝜎𝑐 = 𝐸𝑐 ∙ 𝜀         Eq. 9.23 

𝜎𝑠 = 𝐸𝑠 ∙ 𝜀         Eq. 9.24 

Where 𝜎𝑐 is the concrete stress, 𝐸𝑐 the elasticity modulus of concrete and 𝜀 is the strain. Further, 

𝜎𝑠 is the steel stress and 𝐸𝑠 the elasticity modulus of the reinforcement. 
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It is important to have equilibrium between the concrete and reinforcement. Therefore, 

the load is divided over both the concrete and reinforcement (Eq. 9.25). 

𝐹 = 𝐸𝑐 ∙ 𝜀(𝐴𝑐 − 𝐴𝑠
′ ) + 𝐸𝑠 ∙ 𝜀 ∙ 𝐴𝑠′      Eq. 9.25 

Here 𝐹 is the load acting on the wall, 𝐴𝑐 is the cross sectional area of concrete and 𝐴𝑠
′  the 

cross sectional area of the reinforcement. From Eq. 9.26, Eq. 9.27 and Eq. 9.28, we ca find the 

joint strain in both the concrete and the reinforcement: 

𝜀 =
𝐹

𝐸𝑐∙(𝐴𝑐−𝐴𝑠
′ )+𝐸𝑠∙𝐴𝑠

′        Eq. 9.26 

𝐴𝑐 = 𝑡 ∙ 𝑏′         Eq. 9.27 

𝐴𝑠 = 𝑛 ∙
𝜋∙𝑑𝑠

2

4
         Eq. 9.28 

Where 𝑡 is the wall thickness and 𝑏′ is 

To calculate the shear strength of the wall Eq. 9.29 is used.  

𝜏 =
𝑉

𝑧∙𝑏
          Eq. 9.29 

Outer dimensioned moment MEd equal to MRd. K = 0,177. 

The moment resistance in the wall is expressed by Eq. 9.30. 

𝑀𝑅𝑑 = 𝐾 ∙ 𝑓𝑐𝑑 ∙ 𝑏 ∙ 𝑑2 = 𝑀𝐸𝑑       Eq. 9.30 

Where K  is wall thickness, 𝑓𝑐𝑑 maximum stress, 𝑏 width of the concrete wall and 𝑑 the 

thickness of the wall.  
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Shear capacity of the wall is given by Eq. 9.32. 

𝑉 =
𝐼∙b

𝑆
∙ √𝑓𝑐𝑡𝑑

2 + 𝛼1 ∙ 𝜎𝑐𝑝 ∙ 𝑓𝑐𝑡𝑑      Eq. 9.32 

Here 𝐼 is second moment of area, 𝑆 is static moment of cross-section above center of gravity 

calculated around center of gravity and 𝑓𝑐𝑡𝑑 is the dimensioned tensile strength. The 

compressive stress on the concrete is given by Eq. 9.33. 

𝜎𝑐𝑝 = 𝑁𝑒𝑑/𝐴𝑐  < 0.2𝑓𝑐𝑑       Eq. 9.33 

Rupture is further given as Eq. 9.34: 

𝑉𝑟𝑢𝑝𝑡𝑢𝑟𝑒 = 𝑧 ∙ 𝑏√𝑓𝑐𝑡𝑑
2 + 𝜎𝑐𝑝 ∙ 𝑓𝑐𝑡𝑑      Eq. 9.34 

Axial resistance 

The calculation of axial resistance in the wall is calculated the same way as in Ch. 9.1.1. 
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9.1.3 Composite barrier 

Composite is often the combination of steel and concrete in the barrier. By combining 

the two, the advantages of both could be utilized. The steel could add to the shear and tensile 

strength of the concrete while the concrete lowers the coefficient of restitution and increase the 

time interval of an impact. The steel can increase the shear and tensile strength that the 

reinforcement supplies the wall.  

When a steel plate is hit with a small, high velocity, projectile, the plate will experience 

local deformation, and the strength of the whole plate is not utilized. With a composite barrier 

consisting of concrete and a steel plate, the concrete will experience scabbing and give a larger 

contact area against the steel plate. This will lead to larger deformation and more energy is 

absorbed. The projectile will also have lower velocity, which also gives a more global effect on 

the steel plate.  

Another composite material which may give the desired qualities is fiber-reinforced 

concrete. As the Figure 23 show, the material contains of short fibers, which is uniformly 

distributed and randomly oriented. The fibers usually make between 0.3 and 2.5 percent of the 

volume in plain concrete. Fibers are added to the concrete to improve the structural properties, 

tensile strength and ductility.  

 

Figure 23 Fiber-reinforced concrete 

The compressive strength of concrete has large influence to the safety effect of the walls. 

The penetration factor. Shear strength, tensile strength, amount of reinforcement (armoring). 

Type of reinforcement.  
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9.2 Fixed safety walls 

The new testing area is set up with four testing areas as seen in Figure 24. For illustration 

purpose a pipe is placed in each stall. There should be a fixed wall separating each of the testing 

stalls. The length of these walls vary to allow for testing with different pipe lengths. The reason 

for the design of the stalls, is to easily operate the pipes and install the testing equipment.  

 

Figure 24 Model of the testing area 

For practical reasons these walls will be made of concrete. This is because of production 

cost and properties of the material. According to T.D. Williamson’s regulations, a fixed 

concrete safety wall is required to be minimum 220 mm thick. The design is based on this 

requirement. Further, the walls should have steel reinforcement which has high relative 

strength, high toleration of tensile strength and a good bonding with the concrete.  
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Table 20 give an overview of the properties of the partition walls between the different 

testing stalls 

Table 20 Properties of fixed safety walls 

 Symbol Value 

Wall thickness [m] 𝑡 0.220 

Compressive strength [MPa] 𝜎𝑐 80 

Tensile strength [MPa] 𝜎𝑡 3 

Compressibility water [1/Pa] 𝐶 4.55 ∙ 10−10 

Young’s modulus [GPa] 𝐸 206 

9.2.1 Penetration of fixed safety walls  

From these specifications it is possible to calculate penetration as well as the possibility 

for perforation and scabbing. Table 21 give different types of small, high velocity projectiles, 

which are used in the calculations. The mass and diameters are values to give a representation 

of different small projectiles.  

Table 21 Properties of small projectiles 

 Mass [kg] Diameter [m] Velocity [m/s] 

Projectile 1 0.1 0.01 2980 3827 

Projectile 2 0.5 0.03 1333 1711 

Projectile 3 1.0 0.08 943 1210 

Projectile 4 2.0 0.14 666 856 

Projectile 5 5.0 0.20 422 541 

Projectile 6 10.0 0.30 298 383 
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Table 22 give the estimated penetration of the walls. Since the results is given without 

dimension as 
𝑥

𝐷
, we have to find the penetration depth 𝑥. The analytical formula gives similar 

results as the empirical formulas for the larger projectiles. Projectile 1 and Projectile 2 have 

differ more from the other formulas. This is probably because the large projectile velocity is far 

outside the range of the formulas area of application.  

Table 22 Penetration results of fixed safety walls 

𝑥/𝐷: Beth Ace NDRC Bernard Adeli & Amin Hughes Forrestal Analytical 

Projectile 1 166.8 242.5 166.1 241.4 347.1 543.9 172.7 221.8 - - 498.5 779.6 121.7 140.1 270.6 283.9 

Projectile 2 12.1 17.4 12.1 17.4 17.8 27.3 14.3 18.4 - - 28.8 43.8 11.5 14.5 26.6 29.0 

Projectile 3 1.3 1.7 1.4 1.8 2.0 2.6 1.1 1.4 1.6 1.5 3.0 4.2 0.3 0.6 1.6 1.8 

Projectile 4 0.6 0.7 0.7 0.8 1.2 1.3 0.3 0.4 0.5 0.7 1.1 1.4 - - 1.8* 0.8 

Projectile 5 0.6 0.5 0.6 0.7 1.1 1.1 0.2 0.2 0.2 0.3 0.7 0.8 - - 0.9* 1.2* 

Projectile 6 0.4 0.4 0.5 0.6 1.0 1.0 0.1 0.1 0.1 0.1 0.5 0.5 - - 0.4* 0.5* 

*Had to use Eq. for calculation 

Table 23 shows the expected penetration depth of the projectile. Since the safety wall 

thickness will be 0.220 m, both Projectile 1 and Projectile 2 will probably penetrate the wall. 

Unfortunately, some of the calculations had to be performed with another formula, which gave 

higher penetration depth. The formula was not as complex which make the validity of the results 

uncertain.  

Table 23 Penetration depth on fixed safety walls from the analytical model 

 x [m] 

Projectile 1 2.706 2.839 

Projectile 2 0.797 0.871 

Projectile 3 0.124 0.145 

Projectile 4 0.259* 0.106 

Projectile 5 0.181* 0.232* 

Projectile 6 0.121* 0.155* 

*The validity of the result may probably be incorrect since Eq. was used in the calculation 

Since the penetration depth of Projectile 1 of such size, perforation is almost a certainty. 

In Table 24 the calculations were conducted with high strength concrete. The penetration is still 

well over 2 meter. The walls resistance against penetration has been increased, but not of any 

significance. Therefore, the use of high strength concrete is not necessary.  

Table 24 Penetration depth with high strength concrete 

 x [m] 

Projectile 1 2.595 2.728 

Projectile 2 0.735 0.809 

Projectile 3 0.107 0.128 

Projectile 4 0.210* 0.100 

Projectile 5 0.147* 0.189* 

Projectile 6 0.098* 0.126* 

*The validity of the result may probably be incorrect since Eq. was used in the calculation 

  



 

 

 
64 

 

9.2.2 Perforation of fixed Safety walls 

With the same properties in the wall as during the penetration, the perforation is 

calculated for the projectiles with largest penetration. For the projectiles, which do not 

penetrate, the critical velocity is stated. Because of the placement of the pipes, the possible 

projectiles will only come from the pipe itself. These pipes are already approved for a higher 

working pressure than the testing pressure conducted at T.D. Williamson. This makes the 

probability of a pipe burst or collapse quite small. Still, if a hazard involving the pipe lead to 

injury, it is necessary to show calculations regarding wall strength.  

Table 25 shows the perforation results from different formulas in Ch. 6. All of the 

perforation formulas are based on empirical results. The results show that Projectile 1 and 

Projectile 2 is unrealistic high. Since the range for these formulas is the same as for the 

penetration, the projectiles is probably too far out of range. The rest of the projectiles show 

more reasonable results. The Chang formula has an especially steep growth compared to the 

other formulas.  

Table 25 Perforation results from empirical formulas for fixed safety walls 

ℎ/𝐷: NDRC Chang Adeli & Amin Hughes 

Projectile 1 - - 3979 4800 - - 789.0 1233 

Projectile 2 - - 312.2 376.4 - - 46.92 70.55 

Projectile 3 3.522 3.416 29.32 35.35 2.384 2.979 6.123 8.106 

Projectile 4 2.834 2.991 7.886 9.519 1.232 1.433 3.126 3.653 

Projectile 5 2.667 2.728 3.630 4.374 1.021 1.094 2.487 2.727 

Projectile 6 2.595 2.616 1.435 1.732 0.940 0.963 1.667 1.955 

 

Table 26 shows the thickness of wall which gives perforation. According to these 

results, almost all of the projectiles will perforate the wall. The perforation thickness also 

increases with the diameter of the projectile, which is unrealistic. Even if the formulas is outside 

of their range, they indicate that the wall will be partly or completely perforated by the 

projectiles. 

Table 26 Perforation thickness for fixed safety walls 

ℎ [m] NDRC Chang Adeli & Amin Hughes 

Projectile 1 - - 39.79 48.00 - - 7.890 12.33 

Projectile 2 - - 9.365 11.29 - - 1.408 2.116 

Projectile 3 0.282 0.273 2.346 2.828 0.191 0.238 0.490 0.649 

Projectile 4 0.397 0.419 1.104 1.333 0.173 0.201 0.438 0.511 

Projectile 5 0.533 0.546 0.726 0.875 0.204 0.219 0.497 0.545 

Projectile 6 0.779 0.785 0.431 0.520 0.282 0.289 0.500 0.155 

When comparing the penetration and perforation results, it shows that the calculations 

of perforation is more conservative and give larger length than that of penetration. This may 

be due to the wall weakening from cracking and brittle fracture. The projectile has a large 

velocity which will cause the wall to act brittle when absorbing the kinetic energy.  
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9.3 Existing Safety walls 

TDW Offshore Services already have four portable safety walls. The thesis will analyze 

and calculate if these are sufficient as protection against the hazards mentioned earlier in the 

thesis. The walls are made of concrete and was made by Aarbakke AS. Unfortunately, there is 

no data sheet on the walls, which means the strength of the walls are uncertain. The concrete is 

reinforced with 300 kg of steel, but there is no mention of the reinforcement method. This gives 

uncertainties to the strength and ductility of the concrete. Figure  25 shows the existing safety 

walls. It is possible to bolt them to the ground to increase the resistance against shear forces and 

to join multiple walls together.  

 

  

Figure 25 Existing safety walls 
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Table 27 give an overview of the properties of the safety walls and approximations made 

concerning unknown values. There is some uncertainty to the compressive and tensile strength 

of the walls. 

Table 27 Properties of existing safety walls 

 Symbol Value 

Wall thickness [m] 𝑡 0.15 

Compressive strength [MPa] 𝜎𝑐 50 

Tensile strength [MPa] 𝜎𝑡 2.33 

Weight [kg] 𝑚𝑠𝑓 1900 

Density [kg/m3] 𝜌 2400 

Young’s modulus [GPa] 𝐸 206 

9.3.1 Penetration 

From these specifications it is possible to calculate penetration as well as the possibility 

for perforation and scabbing. The same projectiles are used in the calculations as Table 28.  

Table 28 Penetration results of existing safety walls 

𝑥/𝐷: Beth Ace NDRC Bernard Adeli & Amin Hughes Forrestal Analytical 

Projectile 1 210.8 306.7 209.9 305.3 438.7 687.7 218.5 280.6 - - 498.5 779.6 129.6 148.0 276.3 289.6 

Projectile 2 15.2 21.9 15.2 21.9 22.3 34.3 18.1 23.3 - - 28.8 43.8 12.8 15.9 27.6 30.1 

Projectile 3 1.5 2.0 1.6 2.2 2.3 3.1 1.4 1.7 1.5 - 3.0 4.2 0.4 0.7 1.7 1.9 

Projectile 4 0.6 0.8 0.8 0.9 1.3 1.4 0.4 0.5 0.7 1.1 1.1 1.4 - - 0.7 0.8 

Projectile 5 0.5 0.5 0.6 0.7 1.1 1.2 0.2 0.2 0.3 0.4 0.7 0.8 - - 1.3* 1.2* 

Projectile 6 0.4 0.4 0.6 0.6 1.0 1.1 0.1 0.1 0.1 0.2 0.5 0.5 - - 0.4* 0.6* 

*Had to use Eq. for calculation 

Table 29 give a representation of the results from each of the projectile types given in 

Table 21.  

Table 29 Penetration depth of existing safety walls based on analytic model 

 x [m] 

Projectile 1 2.763 2.896 

Projectile 2 0.829 0.903 

Projectile 3 0.133 0.154 

Projectile 4 0.101 0.110 

Projectile 5 0.202* 0.259* 

Projectile 6 0.134* 0.173* 

*The validity of the result may probably be incorrect since Eq. was used in the calculation 

As we can see from the results in Table 29, many of the projectiles will perforate the 

wall.  
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With the same specifications as during the penetration, the perforation is calculated for 

the projectiles with largest penetration. For the projectiles, which do not penetrate, the critical 

velocity is stated.  

Table 30 give a collection on the perforating results of the existing safety walls for the 

different projectiles.  

Table 30 Perforation results existing  safety walls 

ℎ/𝐷: NDRC Chang Adeli & Amin Hughes 

Projectile 1 - - 5032 6071 - - 789.0 1233 

Projectile 2 - - 394.8 476.1 - - 46.92 70.55 

Projectile 3 3.535 3.016 37.09 44.72 2.946 3.342 6.122 8.106 

Projectile 4 2.907 3.105 9.975 12.04 1.417 1.708 3.126 3.653 

Projectile 5 2.696 2.772 4.592 5.533 1.089 1.203 2.487 2.727 

Projectile 6 2.605 2.630 1.815 2.191 0.961 0.996 1.667 1.955 

 

Further, the perforation thickness of the existing safety walls is given in Table 31. Some 

of the results are high and unrealistic, but the kinetic energy of the projectiles as well as wall 

strength is outside the range of the formulas. This makes the results unreliable for use in 

calculation of wall thickness.  

Table 31 Perforation thickness existing safety walls 

ℎ [m] NDRC Chang Adeli & Amin Hughes 

Projectile 1 - - 50.32 60.71 - - 7.890 12.33 

Projectile 2 - - 11.85 14.28 - - 1.408 2.116 

Projectile 3 0.282 0.241 2.967 3.577 0.236 0.267 0.490 0.649 

Projectile 4 0.407 0.435 1.396 1.686 0.198 0.241 0.438 0.511 

Projectile 5 0.539 0.554 0.918 1.107 0.218 0.241 0.497 0.545 

Projectile 6 0.781 0.790 0.545 0.657 0.288 0.299 0.500 0.586 
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9.3.2 Scabbing 

Scabbing is when a section of the wall is released from the wall due to perforation. 

Figure 26 shows the other side of the same wall as shown earlier. At the point of exit a larger 

section is missing compared to the point of impact. As scabbing weakens the walls integrity, it 

is important to prevent scabbing from occurring.  

 

Figure 26 Scabbing of safety wall 

Due to the specifications of projectiles during testing and the strength of the wall is far 

outside the range of the formulas, the thesis  
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9.3.3 Shear forces 

The safety walls ability to withstand shear forces is determined locally by the 

reinforcement. Both the strength of the reinforcement and the cross-section decides the shear 

strength of a concrete wall.  

Still, the walls have to withstand the shear forces on globally as well. In other words, 

the walls should not be tipped over by shear forces. The walls have a quite high center of 

gravity, which impairs the ability to handle large shear forces. Figure 27 show the necessary 

force to tip over the wall.  

 

Figure 27 Moment forces existing safety walls 

Table 32 give a representation of a discharge by an end section or a plug. 

Table 32 Properties of large projectiles 

 Mass [kg] Diameter [m] Velocity [m/s] 

End section 400 − 900 0.741 − 1.153 47.1-40.3 

Plug small 1300 0.741 26.1 

Plug large 6000 1.153 15.6 
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9.4 Steel safety walls 

A good option for safety walls are barriers made of steel. The walls will have high 

strength compared to density and give large shear strength compared to concrete. This gives 

less requirement to the thickness of the barrier. The principle for this design is a hollow frame 

which will give stiffness to the wall and a plate in the middle to absorb impacts as Figure 28 

shows.  

 

Figure 28 Steel barrier 

If the impact mainly causes local damage to the wall depends on the size and velocity 

of the projectile. A large projectile will create a global deflection in the wall and more energy 

is absorbed through plastic deformation. A small projectile will create a more local deformation 

and the strength of the whole wall is not utilized. This will give a smaller area of deformation, 

which means a smaller area will be able to absorb the kinetic energy of the projectile.  
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9.4.1 Energy absorption during impact 

When determining the walls ability to absorb energy from impacts, it was necessary to 

know the strain at fracture. The materials in consideration is s355, 316L and 304L with an 

elongation of 18%, 50% and 60-70%, respectively. The calculations have been performed for 

wall thickness of 0.020 and 0.025 meter. Due to large impulse force, the wall will be subjected 

to a local deformation. The cross-sectional area of the deformation is assumed to be twice that 

of the projectile.  

Table 33 and Table 34 give the results of energy absorption during impact for the 

different projectiles.  

Table 33 Energy absorption with wall thickness 0.02 m 

𝑡 = 0.020 m S355 [J] AISI 316L [J] AISI 304L [J] 

Projectile 1 3532.6 114605 149562 

Projectile 2 10598 343816 448685 

Projectile 3 28261 916842 1196494 

Projectile 4 49456 1604474 2093865 

Projectile 5 70652 2292106 2991236 

Projectile 6 105978 3438159 4486854 

 

Table 34 Energy absorption with wall thickness 0.025 m 

𝑡 = 0.025 m S355 [J] AISI 316L [J] AISI 304L [J] 

Projectile 1 4415.7 143257 186952 

Projectile 2 13247 429770 560857 

Projectile 3 35326 1146053 1495618 

Projectile 4 61820 2005593 2617332 

Projectile 5 88315 2865133 3739045 

Projectile 6 132472 4297699 5608568 
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9.4.2 Effect of large projectiles on steel wall 

A large projectile will affect the wall on a global scale. To stop or decelerate the 

projectile, it is necessary with moment resistance in the wall. To simplify the calculations, the 

moment resistance was based on the frame of the wall. The cross-section of the frame is shown 

by Figure 29. By using Eq. 9.17 for deflection and Eq. 9.35 for moment of inertia, the maximum 

deflection for the given forces could be estimated.  

𝐼 =
𝐵 ∙ 𝐻3 − 𝑏 ∙ ℎ3

12
 

 

Figure 29 Cross-section of frame 

Table 35 show the frame properties from fig: 

Table 35 Frame properties for steel wall 

 Frame properties [m] 

B 0.100 

b 0.080 

H 0.150 

h 0.110 

Table 36 shows the forces from large projectiles, frame specifications as well as 

corresponding deflection in the wall.  

Table 36 Forces acting on wall 

 Approx. ∆𝒕* Shear force [N] 

Small end section 0.0085 2217659 

Small plug 0.0153 2221079 

Large end section 0.0099 3666874 

Large plug 0.0256 3659766 

*Time period for distance 0.2 meter 
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Further, Table 37 shows the calculated moment of inertia and deflection of the wall. 

Table 37 Properties wall 

 Symbol: Value 

E-module [GPa] 𝐸 206 

Moment of inertia [m4] 𝐼 1.925 ∙ 10−5 

Length [m] 𝑙 1.0 

Acting force [N] 𝐹 3666874 

Deformation [m] 𝑓 0.308 

 

From hand calculations, the expected deformation in worst case will be 0.308 m. 

Compared to analysis performed in Autodesk Inventor (Figure 30), the deformation at the same 

height is less (approx. 0.126 m). This is most likely due to the simplification in the hand 

calculations. The thesis does not calculate for buckling of the frame.  

 

Figure 30 Analysis of deflection of steel wall 
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9.4.3 Resistance to shear forces 

The walls ability to withstand axial forces is dependent on friction force and strength of 

fasteners. The friction coefficient between concrete and steel is approximately 0.6 under static 

conditions. The friction force is then the normal force from both the weight of the wall as well 

as the fastening bolts. For the calculation, Ø40 bolts with grade 8.8 is considered. Using Eq. for 

shear strength in bolts as well as Eq., which gives the normal force from weight of wall and 

fastening of bolts. The bolts are fastened with a torque of 100 Nm and pitch of 4 mm. The 

results from the calculations is given in Table 38.  

Table 38 Steel walls resistance to shear force 

 Axial force [N] 

Friction force wall 8240 

Shear strength bolts 3015928 

Friction force bolts 376991* 

Total shear resistance 3401160 

*The torque is considered without friction forces. 

The shear forces from the different projectiles is given in Table 39. The results show 

that the different sections of the pipe have the same kinetic energy. The wall would probably 

not be able to contain either of the projectiles, since the bolts will be exposed to moment forces 

which will weaken the shear capacity. Still, the walls will greatly reduce the energy in the 

projectile, and thereby lowering the severity of the hazard. 

Table 39 Force from large projectiles 

 Approx. ∆𝒕* Shear force [N] 

Small end section 0.0085 2217659 

Small plug 0.0153 2221079 

Large end section 0.0099 3666874 

Large plug 0.0256 3659766 

*Time period for distance 0.2 meter 
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Figure 31 illustrate the wall with axial and applied forces.  

 

Figure 31 Shear forces 

According to these calculations will the steel wall provide a good protection during 

pressure testing. The area which gave the least protection was small projectiles. The high 

velocity and small diameter creates a local deformation which prevents the utilization of the 

whole wall.   
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9.5 Composite safety walls 

The composite walls will be in this case the combination of steel and reinforced 

concrete. This is to increase the tensile and shear strength of the wall. With concretes ability to 

absorb energy through plastic deformation a combination of steel and reinforced concrete give 

a desirable product. For new composite walls, the thesis recommends a similar shape to the 

existing safety walls with a steel plate attached to increase the shear strength of the wall. 

9.6 Existing safety walls 1 

An option may be to apply a steel plate behind the existing safety walls to increase the 

strength of the wall. To fix the plate to the wall it will be necessary with bolts as shown in 

Figure 32.  

 

A problem with this solution to the existing safety walls is that there is no drawings or 

details regarding the location of the reinforcement. The holes will therefore weaken the strength 

of the wall if the reinforcement is damaged. The location of the bolts gives the plate room for 

larger deformation and can therefore absorb more kinetic force from a projectile.  

A way to locate the reinforcement could be a non-destructive test of the wall. With the 

right test, it will be possible to locate the steel bars inside the wall.  

Figure 32 Composite safety walls with bolted steel plate 
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9.7 Existing safety walls 2 

Figure 33, shows the existing safety walls with a steel plate that covers the wall. This 

method does not require fastening, and have the same properties as the other option. The 

production cost might be higher, due to more complex shape and higher requirement on 

tolerances.  

  

 

 

 

 

 

 

 

 

 

Since there is only four of the existing safety walls available, the new testing area require  

 

 

Figure 33 Existing safety walls with welded plate 
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10 Discussion of design 

When the safety level of the tests should be determined, there is a lot of factors involved. 

Firstly, the energy inside the pressurized vessel is the main deciding factor for the extent of the 

hazard. The test performed showed that the Baker formula together with the elastic energy of 

the material gave the best representation of the energy inside the test.  

For further calculations, a range of small projectiles was used as basis. The projectiles 

were all small and varied in weight, diameter and velocity. These were used when calculating 

penetration depth into concrete. An analytical model was the best fit, and gave an indication 

regarding how sufficient the barrier was as protection. The most critical projectiles were the 

ones with smallest diameter and highest velocity. Due to large potential energy inside the 

pressure vessel, the velocity of the smaller projectiles was estimated to have a velocity of many 

times the speed of sound.  

As an alternative to safety walls of concrete, the design of steel walls has been 

developed. A problem with steel walls are high impulse force at impact, the possibility of 

bounce-back and higher cost both in materials but also in production. Advantages with a steel 

wall is high strength compared to density and large shear strength. A small projectile impact 

will create a local deformation. This is due to large impulse forces and moment of inertia. To 

calculate the energy absorbed by the wall, it was necessary to estimate the size of the local 

deformation. Another deciding factor for the absorbed energy is the toughness of the material.  

Based on calculations, the steel walls will also not able to contain the energy of a 

discharged projectile from the largest tests. The velocity together with small diameter makes 

the deformation in the wall quite local for both the concrete and steel walls. Therefore, the 

strength of the wall is not fully utilized. Based on the calculations on penetration, there should 

be at least two layers of safety walls between the test vessel and operators. This include the both 

the portable safety walls, but also the fixed safety wall. In other words, the test area next to the 

largest tests should be closed off while conducting the most hazardous tests.  

To increase the strength of the existing walls, a steel plate behind the wall will strengthen 

the shear strength of the wall, prevent scabbing and give room for larger deformation. This is a 

good alternative, as it utilizes the advantages from both materials. The thesis has given two 

suggestions on how to quite easily attach such a plate.  

The first option is to attach the plate with bolts through the concrete. Although, if the 

reinforcement is damaged, this will decrease the strength of the wall. To prevent this, a non-

destructive test like ultrasonic or x-ray might locate the reinforcement. When making the holes 

in the wall it is important to avoid the reinforcement. For this option, it is important to use large 

washers to distribute the force from the bolts. 
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The second option is to weld a plate according to Figure. This way, the steel plate will 

provide its own fastening. This way, the integrity of the concrete wall will not be weakened. 

This option will however have larger material and production costs. This is because the design 

is more complex than in the first option.  

To stop or decelerate larger projectiles like a plug or an end section, the wall need to be 

fixed to the floor and surrounding walls. The easiest fastening method is to use bolts between 

the safety walls and surrounding structures. Originally, the walls have low resistance against 

moment forces due to the relationship between height and cross-section. This is why it is 

necessary to fasten the safety walls to increase the resistance of moment in the wall. 

The walls should be covered by a soft, deformable material to decrease the impulse 

force. This will also decrease the noise level on impact. Proserv AS recommended the use of 

18-20 mm OSP-plate. To include the wooden plate in the calculations will be difficult since the 

toughness and elasticity of the plate is unknown.  

For the calculations, the following assumptions have been made 

- The end flanges in the pipes are assumed to be rigid 

- The cylindrical body is free to expand in the radial and longitudinal direction of the pipe 

- No vapor or gas pockets are present in the pressure vessel 

- Energy losses due to friction, air resistance and leakage are neglected 

- Constant Bulk Modulus of water 
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Figure 34 shows a model of the new testing area with the four existing safety walls. To 

be able to use all testing area efficiently in a safe way, it is necessary with more safety walls. It 

would be necessary to cover each testing stall with two walls. The stall furthest to the right 

should also have two layers of safety walls as well as a closed off zone to lower the risk to an 

acceptable level. 

 

Figure 34 New testing area with existing safety walls 
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11 Conclusion & Further Work 

11.1 Conclusion 

The purpose of this thesis was to find optimal design for projectile and blast protection 

during pressure testing. Further, it was to evaluate the safety installments already in place and 

analyze the forces and risks involved in case of failure. According to the Norwegian regulations 

regarding safety in pressure testing a risk analysis is required for the operation and area as 

documentation. Thus, this thesis aims to give an assessment of the hazards involved in pressure 

testing and recommend measures to lower the risk to an acceptable level.  

A part of the thesis was to conduct a risk analysis. By assessing the hazards identified 

in the thesis through calculations, the risk analysis was lowered to a safe level. Based on the 

results in the calculations, mediating measures have been suggested to reach a safety level 

which is as low as reasonable practicable.  

To support the calculation, a projectile discharge test was conducted. The test showed 

that the Baker formula and the elastic energy in the pipe gave the best representation of the 

potential energy inside a pressurized vessel. In worst case scenario, a projectile from one of 

these tests will have a velocity many times the speed of sound. The magnitude of possible 

energy release in a pressure test, resulted in more parameters in the calculations. Important 

factors for determining the safety level are penetration, impulse force, the walls ability to absorb 

energy and to withstand shear and moment forces. 

The calculations of penetration of the safety walls showed that the tests with largest 

potential energy will cause perforation. Also, the walls are not able to handle the moment forces 

of a larger projectile like a plug or end section of the pipe. Therefore, the test area should be 

protected by two layers of safety walls when conducting the most hazardous tests. This 

recommendation concerns the fixed safety walls as well. The testing stall next to the pressure 

test should be closed off during testing for the tests considered in this thesis.  

To reinforce the existing safety walls, a steel plate should be attached behind the wall. 

This will increase the walls shear strength as well as the ability to absorb energy. To reduce 

sound and large impulse forces the use of 18-20 mm OSP-plate in front of the safety wall is 

recommended. The plate will absorb energy through plastic deformation and reduce the impulse 

force as well as reduce the bounce back. The plate will have no effect on the worst cases 

considered in this thesis.  

In the new workshop there will be four testing stalls. As Figure shows, the walls are not 

big enough to cover the entire stall. Therefore, it is recommended to obtain more safety walls 

so the testing area can be utilized efficiently. The design which would give the best protection 
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is a wall of reinforced concrete based on existing safety walls with a steel plate attached. 

Preferable, this wall should have a compressive strength of 80 MPa or more.  

It is important to protect the windows and other weak parts in the workshop from 

hazards. Preferably, a drawing of the area with specifications regarding the structure for 

calculation purposes. Important factors are the thickness of roof, walls and floor together with 

the material strength of the building material. 

In the event of failure and discharge of a projectile, the safety walls will most likely be 

exposed to plastic deformation and even perforation. This will weaken the integrity of the wall 

and impair the walls protective ability. A visual inspection of the wall should be sufficient to 

determine the extent of damage on the wall. A water jet, a pressure wave or impact from the 

pressure hose will most likely not inflict any damage to the walls.  
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11.2 Recommendations for further work 

 The thesis has a wide theoretical range with many different subjects. Therefore, the 

thesis was not able to go into the depth of all theory. For further work, there is a few subjects 

that could be more thoroughly covered:  

1. The safety distance from pressure wave with implanted safety barriers. How do the 

safety walls confine the pressure wave energy? 

2. The perforation and scabbing formulas for concrete walls is quite old and a little 

outdated. They are mostly empirical, with a range mostly outside the scope of the 

projectiles in this thesis.  

3. Calculation of residual velocity and energy in a projectile after perforation. 

4. The effect of impulse force on a steel wall regarding energy absorption and local 

effect. Find how the impulse force changes the ductility of the material and how that 

affect the size of the deformation.  

5. More extensive testing of pressure burst. Measurement of energy inside the pressure 

vessel with larger volume and pressure but also projectile impact test on safety walls. 

6. Calculation of shear and moment resistance in concrete walls 

7. A study of more suitable material for the safety walls. 
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Appendix A: Risk Analysis 
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Appendix B: Water table – Thermodynamics 
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Appendix C: Simple derivations 

5.2 Water jet 

Derivation of travel distance: 

At 𝑡 =  0 we get that 𝑥 =  0, which eliminate constant from the integration (Eq. 5.23) 

𝑥 = 𝑢 ∙  𝑡 ∙ 𝑐𝑜𝑠 𝛼         

Motion in the vertical direction is defined as: 

𝑑2𝑧

𝑑𝑡2 = −𝑔          

By integration: 

𝑑𝑧

𝑑𝑡
= −𝑔𝑡 + 𝑐 

Where 𝑐 is a constant from the integration. At 𝑡 =  0, 𝑐 =  𝑢 ∙ 𝑠𝑖𝑛 𝛼 which leads to: 

𝑑𝑧

𝑑𝑡
= 𝑢 ∙ 𝑠𝑖𝑛 𝛼 − 𝑔 ∙ 𝑡 

When 𝑡 =  0, 𝑧 =  0 we get: 

𝑧 = 𝑢 ∙  𝑡 ∙ 𝑠𝑖𝑛 𝛼 −
1

2
∙ 𝑔 ∙ 𝑡2 

When the jet reaches ground floor 𝑡 =  𝑡, 𝑧 =  0: 

𝑡 = 2
𝑢 ∙ 𝑠𝑖𝑛 𝛼

𝑔
 

The horizontal distance travelled is therefor 

𝑥 =
𝑢2 ∙ sin2 𝛼

𝑔
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Appendix D: Hydrostatic test 

Test procedure 
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Drawing Projectile 
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Drawing of test assembly 
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Outlay of the testing area for projectile discharge 
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Properties brass 
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Datalog from test 
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Appendix E: Existing safety walls 
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1 Preface 
This pre-study report starts with an introduction of the background behind the project. The 

introduction will also cover the aim of the project, scope of work and limitations. The project starts at 

01. February 2016 and the submission date is 15. June 2016. 

The thesis will be written at UiS and the research is conducted in collaboration with TDW Offshore 

Services who defined the research problem. 

The rest of the report will cover the different stages during the project life cycle. This is illustrated with 

a Work breakdown structure (WBS) and a Gantt-chart will present the time schedule.  
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3 Introduction 

3.1  Background 

During pressure testing using pressurized vessels on a workshop floor, the surrounding areas needs 
protection, due to the possibility of test failure. A result of failure could be high-pressure water jet or 
discharge of a projectile. A permanent shield may provide the protection or barrier as part of the test 
bay design, but since the installation and removal of test vessels is done by crane or forklift. Therefor 
part of the shield should of practical reasons be made portable. The safety walls should be made of 
reinforced concrete blocks or section of walls. The walls and blocks have limitations to width, height 
and weight, and made portable by crane or forklift. 

3.2  The aim of the Master thesis 

Since there is not any calculations done regarding the safety installments already in place, the thesis 

will analyze the forces and risks involved in case of failure. Further, the thesis should decide if barriers 

are sufficient as protection. Based on these results, the thesis will develop an optimal design of barriers 

necessary for protection during pressure testing. The wall is required to provide a suitable and 

acceptable protection against potential incidents. The thesis will also investigate if the walls are 

destroyed or reusable in case of failure. 

3.3  Scope of work 

 Study codes, regulations and legislation regarding pressure testing. Mainly documents 

regarding hydro testing of pipelines. 

 Calculation of energy during pressure testing and effects of failure. 

 Calculations of barriers sufficient as protection. 

 Develop concept designs of barriers. 

 Producing guidelines for using the barriers. 

3.4  Limitations 

 Weight and size limitation (thickness, width, height), as the walls should be portable. 

 Cost 

 

3.5  Report structure 

The report will consist of a title page, which is standard from the University of Stavanger. Then an 

abstract will follow. The preface should give information about the aim of the thesis, the background 

for the thesis, the main content of the thesis and acknowledgements to associates. After the preface, 

there will be contents. Following, there is a summary of the thesis. The summary contains the thesis 

aim more precisely, the scope of the thesis and which methods utilized during the thesis. The summary 

also include the most important results, which conclusions made and plans for further work. After the 

summary, there is an introduction. This tells the approach used in the thesis, its limitations and a 

disposition of the report. The next section of the thesis is the main part. This starts with theory and 

regulations, followed by calculations and force analysis. Based on the results there is a conclusion. 

Here the results are collected and given comments. The conclusion explains what the thesis have 

accomplished, what deductions made during the report and suggestions for further work. The last part 

of the thesis is references and attachments.  
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4 Short description of the sections 

4.1 Work breakdown structure (WBS) and Gantt chart 

A Work breakdown structure provides the project scope of work, while a Gantt chart shows the project 

schedule. These are presented later in the report. This chapter will present short the main parts of the 

content of the thesis.  

4.2  Planning 

The planning of the master thesis began in November 2015. First, there was an informative meeting 

with the introduction of subjects for the master thesis and of different supervisors. In December 2015, 

there was a meeting with TDW Offshore Services about their prospects and goals for the thesis. This 

meeting was to clarify the ramifications as well as sorting out the logistics in the execution phase of 

the thesis.  

4.3 Pre-study report 

The pre-study report introduces the thesis by presenting the aims of the thesis, the scope of work and 

its limitations. The pre-study report also gives a prospect of the project content and schedule by use 

of WBS and Gantt chart.  

4.4 Literature study 

Find relevant literature and regulations regarding pressure testing. Do research on different concepts 

within pressure testing, as well as other fields of pressure protection e.g. tanks and bomb shelters. 

Contact companies that conduct pressure testing and compare the safety for the pressure testing 

areas.  

4.5 Calculation 

Calculate the forces that are present during a pressure test, and identify dangers during failure. Analyze 

the dangers and calculate the impact forces for the different failure scenarios. Calculate and simulate 

with the current safety installment.  

4.6 Analyzing different barrier concepts 

Introduce different barrier concepts and simulate with the forces calculated in the previous chapter. 

Define the different advantages and disadvantages of each concept. This chapter will include 

calculation of strength, pressure containment and cost for the concepts presented. To compare with 

the calculations, there will also be a practical drop test of a projectile on test material if this is possible. 

Other factors to consider are mobility of the walls and if they are able to withstand more than one 

failure.  

4.7 Develop optimal concept 

Based on the previous chapter, this chapter presents the chosen concept. It will explain the reason for 

the choice and give guidelines on how to use the barriers correctly.  

4.8 Publishing 

This section is for final editing of the thesis, before submission and publishing of the report.  

During every phase above, there will be a draft. This will be put together in the last section for final 

editing. There might be changes in the setup of the thesis.   



 

 

 
3 

 

 

5 Work breakdown structure (WBS) 
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6 Time overview 

6.1 Time schedule 

Order Activity Start date Duration End date 

1 Planning meeting 8. des. 1 9. des. 

2 Pre-study report 1. feb. 14 15. feb. 

3 Study of relevant literature 10. feb. 29 10. mar. 

4 Calculations 1. mar. 40 10. apr. 

5 Analyzing different barrier concepts 1. apr. 44 15. mai. 

6 Writing the thesis 10. feb. 100 20. mai. 

7 Publishing 20. mai. 26 15. jun. 

 

6.2 Gantt chart 

 

 

 

 


