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Sammanfattning 
Ett av projekten som drivs av Försvarets Materielverk (FMV) går ut på att kvalitetssäkra de 

surrogatminor som används för att utvärdera minskyddet hos stridsfordon. Surrogatminorna gjuts 

i TNT av företaget Nammo LIAB och används sedan enligt en testprocess som är reglerad av 

standarden STANAG 4569 (Edition 2) Protection Levels for Occupants of Armoured Vehicles 

och AEP55 Procedures for evaluating the protection level of armoured vehicles. Testprocessen är 

väldigt dyr och det är därför av stor vikt att minimera osäkerheter i minornas verkan. Ingen 

standard för minornas kvalité finns idag. Arbetet med denna standard uppnås i två steg genom att 

först tillse att spårbarhet finns i tillverkningen och standardisera variationer i den samma. Steg 

två är att verifiera kvalitéten med en metod där stickprov ur leveranser kan provsprängas för att 

säkerställa kvalitén. Syftet med denna rapport är att ta fram en metod för steg två: att verifiera 

laddningarna. Efter att bakgrundsstudien avhandlat grunderna i sprängverkan så skapades en 

QFD-matris där kraven på metoden ställdes mot olika tekniska egenskaper varvid riktvärden 

erhölls för fortsatt idé-generering. En brainstorming-process genererade sedan fyra koncept som 

sedan ställdes mot varandra i en Pugh-matris. Det vinnande konceptet blev efter ett antal 

designantaganden sedan modellerat i FEM-programmet ANSYS där ett antal design-parameterar 

undersöktes med hänsyn till både spänningar, deformationer och svängningar. Säkerhetsfaktorn 

för materialdimensionering av komponenterna erhölls med hjälp av Pugsleys metod. Svagheter i 

designen identifierades och nödvändiga modifikationer för att konceptet ska kunna realiseras 

presenteras. 
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Abstract 
The Swedish defense administration (FMV) is working on a project with the goal of a quality 

assurance method for surrogate-mines used in evaluating the mine protection level of armoured 

vehicles on the behalf of customers. The mines are molded in TNT by Nammo LIAB and are 

tested according to the standard STANAG 4569 (Edition 2) Protection Levels for Occupants of 

Armoured Vehicles and related document AEP55 Procedures for evaluating the protection level 

of armoured vehicles. This is an expensive process that needs to produce repeatable results, 

something that could be achieved in two steps. The first is to obtain traceability in the 

manufacturing process and to standardize allowed variations in it. Step two is to be able to 

employ a verification method in which samples out of delivery batches can be tested to quality 

assure the batch. The purpose of this thesis is to develop and evaluate a method for step two. 

After a background study where the fundamentals of the explosive process was examined, a 

QFD-matrix was created where the demands from FMV was put against various technical 

properties of the method. The QFD generated some design guidelines that aided in a brain-

storming process where four different concepts were generated. These concepts were then put 

against each other in a Pugh-matrix. The winning concept was then modeled in the FEM-

program ANSYS where a number of design parameters was examined with respect to both 

stresses, deformations and vibrations. The safety factor for dimensioning the material of the 

components was obtained with the help of Pugsleys method. Weaknesses in the design was 

identified and necessary modifications needed for the concept to be realized was presented. 

 

Keywords: mine protection, quality assurance, verification method, blast loading 
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NOMENCLATURE 

Notations 

Symbol Description 

A                           Initial yield stress [Pa] 

𝐴𝑠                          Effective screw tension area [mm2] 

B                           Hardening Constant [Pa] 

c                            Specific heat [
𝐽

𝑘𝑔·°𝐶
] 

𝑐𝑝                          Specific heat capacity constant pressure 
𝐽

𝑘𝑔·𝐾
 

𝑐𝑣                          Specific heat capacity constant volume 
𝐽

𝑘𝑔·𝐾
 

C                           Strain Rate Correction 

𝑑𝑠                          Screw outer diameter [mm] 

D                           Diameter [mm] 

H                           Height [mm] 

𝐼𝑝                           Incident positive impulse [Pa·ms] 

𝐼𝑟                            Reflected impulse [Pa·ms] 

K                           Bulk Modulus [Pa] 

L                           Piston length [m] 

𝐿𝑒𝑓𝑓                       Threaded length [mm] 

M                          Thermal Softening exponent 

N                           Hardening exponent 

𝑛𝑠𝑥                         First Pugsley Factor 

𝑛𝑠𝑦                         Second Pugsley Factor 

𝑝0                           Ambient pressure in air [Pa] 

P                            Incident Pressure [Pa] 

𝑃𝑚𝑎𝑥                       Peak Incident Pressure [Pa] 

𝑃𝑚𝑖𝑛                       Minimum negative pressure [Pa] 

𝑃𝑟                            Reflected pressure [Pa] 

𝑃𝑟𝑚𝑎𝑥                      Peak reflected pressure [Pa] 

p                             Pitch  [mm] 

r                              Radius [mm] 

R                             Gas constant   [ 
𝑁𝑚

𝑘𝑔·𝐾
] 

𝑅𝑒𝐿                         Yield stress in screw [
𝑁

𝑚𝑚2
] 
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Rp02                        Yield stress 0,2% plastic strain [MPa] 

𝑅𝑠                            Stand-off distance [m] 

s                              Pugsleys Safety factor 

S                             Shear Modulus [Pa] 

t                              Thickness [mm] 

𝑡𝑎                            Time before initiation [ms] 

𝑡𝑑                            Duration of positive impulse [ms] 

𝑡𝑜                            Duration of positive impulse [ms] 

𝑡0𝑓                           Fictional duration of positive impulse time [µs] 

𝑡𝑛                            Positive pressure passes into negative pressure [ms] 

𝑇𝑚                           Melting temperature [ºC] 

𝑇∗                           Homologous temperature 

v                             Detonation Velocity [
𝑚

𝑠
] 

𝑣𝑠                            Sound of speed in air [
𝑚

𝑠
] 

𝑊𝑠𝑝ℎ                       Mass of spherical charge [kg] 

𝑊𝑐𝑦𝑙                        Mass of cylindrical charge [kg] 

Z                             Scaled distance 
𝑚

𝑘𝑔1/3 

𝜀                              Equivalent plastic strain 

𝜀̇∗                            Plastic strain rate 

ρ                             Density [kg/m3] 

Ϛ                             Scaled impulse Pa-ms/kg^1/3 

ĸ                             The ratio of specific heat 

δ                             Deflection [mm] 

ƍ                             Relative humidity 

𝜏𝑠                            Shear stress [
𝑁

𝑚𝑚2] 

𝜎𝑣                           Von Mises-stress [Pa] 

𝜎𝑦                           Yield Stress limit [Pa] 

 

 

 

Abbreviations 

AT                         Anti-Tank 

CAD                      Computer Aided Design 

DoD                      Department of Defence 
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FEM                      Finite Element Method 

FFT                        Fast Fourier Transform 

FMV                      Försvarets Materielverk 

MIP                        Mine Impulse Pendulum 

PETN                     Pentaerythritol tetranitrate 

QFD                      Quality Function Deployment 

RDX                       Research Department Formula X 

SMHI                     Sveriges Meteorologiska och Hydrologiska Institut 

TNT                        Trinitrotoluene 

 

 

 

 

http://en.wikipedia.org/wiki/Pentaerythritol_tetranitrate
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1  INTRODUCTION 

1.1 Background 

The Swedish Defense Material Administration (FMV) is working on a verification program for 

the mine protection levels of armored vehicles according to the standard STANAG 4569 (Edition 

2) Protection Levels For Occupants Of Armoured Vehicles and related document AEP55 

Procedures for evaluating the protection level of armored vehicles. Testing on behalf of 

customers is performed in two ways, either by detonating Anti-tank (AT) mine surrogates 

manufactured by Nammo LIAB beneath the desired armored vehicle, whereas both structural 

damage and personal damage (emulated with crash test dummies) are evaluated, or by detonating 

beneath a test rig. 

This is a very expensive process that needs to produce repeatable results, and uncertainties such 

as variations in blast mine effects needs to be minimized. No clearly defined standard exists 

today regarding the quality of these charges. 

1.2 Purpose 

The overall purpose of the project is to work towards a standard for blast charge quality. FMV is 

to obtain traceable data regarding variations from an expected detonation impulse and also obtain 

a reference mine to which samples out of other delivery batches can be compared to with the 

help of a verification method. This method is primarily set to be applicable for mine charges of 

4-15 kg, a range deemed to be incorporated in future versions of AEP55. The total scope of what 

is to be examined and achieved is presented is listed below. 

 What blast charge quality parameters are relevant? 

 How are each step of the manufacturing quality assured? 

 What is the allowed variation of quality parameters in a delivery batch of finished 

charges? 

 What sample size from each delivery batch is reasonable? 

 Value other methods for blast measurement on the market 

 Construct and dimension a setup to verify blast impulse  

The scope of this thesis will be limited the last two assignments with the aim of building a 

prototype for initial, careful testing with the help of smaller charges. This verification method 

will in this thesis be evaluated to find out if it can be realized.  

1.3 Requirements 

According to the main specifications from FMV, the method for verification of the samples 

must:  

 Produce replicable results 

 Demand a minimum of instrumentation and special preparations 

 Be doable regardless of weather conditions at FMV:s testing site at Karlsborg. 
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1.4 Delimitations 

Explosions interacting with structures are a very complex process that requires significant 

computer power to represent realistically, leading to necessary simplifications both structurally 

and loading-wise. This also means that analytical verification won’t be an option. The 

verification method presented in this thesis will be limited to the structure measuring the blast, 

rather than related problems such as the specific mounting of the charge. 

For the finished product, an experimental program must be set up in order to determine how the 

blast impulse varies with the allowed outer boundaries of the quality-parameters of the charges, 

as a step towards a reference impulse value. This program won’t be included in the thesis. 

1.5 Method  

The work will begin with laying the groundwork for the development of the verification method. 

Research will be done into the effects of blast loading in order to best assess what kind of 

loading parameter gives the best measurements of mine quality, and to aid in determining how 

eventual plates, rods etc. are to be dimensioned and configured. 

As a first step the requirements from FMV will be put up against technical properties of the 

method with the help of a QFD-matrix in order to obtain guide lines for a concept-generating 

brain storming process. The generated concepts will then be put up against each other in a Pugh-

matrix. Dimensioning of the chosen method will then be done both analytically and FEM-

software. A proper safety factor will be chosen with the guidance from Pugsleys safety factor 

method.  

To ensure repeatable results any variable reflection effects of the ground should be eliminated. 

The mines must be of known quality. The properties of the verification methods materials must 

be of a quality that isn’t altered in an unacceptable way by different weather conditions. 

Compensation tables for the weathers effect on the blast force should be considered. 

This goal is met by working towards a mechanical method that measures the mine effect via 

material altering without time-consuming configuration of electrical gauges. Replacing the 

altered material should be enough between each test.  

1.6 Risk Assessment  

Risks with the project have been identified. Likelihood and consequences of the risks are ranked 

in a scale of 1,3 and 9. 

 Risk 1: Insufficient background study (Likelihood 3, Consequence 3) 

An improbable but possible risk is that certain questions remain unanswered after the 

background study. Data regarding questions such as how an impulse is affected by weather 

conditions might be left unanswered, however unlikely since amongst my sources will be 

authorities on the subject. As a consequence the repeatability will be put at risk. 

 Risk 2: Suitable methods for blast verification exists on the market (Likelihood 1, 

Consequence 9) 
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If an unknown suitable solution already exists on the market, the project in its current form 

becomes obsolete. The project might then instead be steered towards implementing the existing 

solution in the test rigs existing at FMV.  

 Risk 3: Verification difficulties (Likelihood 3, Consequence 3) 

If the most suitable chosen solution is too complex to verify with analytical methods it will have 

to be experimentally verified later on with scaled down detonations. 
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2  FRAME OF REFERENCE 

2.1 Definition of testing conditions 

The AT mine-surrogates are cylindrical charges of molded TNT with a Height/Diameter-ratio of 

0,33. The charges are initiated with a fuse that ignites a booster charge, located in the middle of 

the bottom of the mine. The molds are specified to have a density between 1,57 and 1,60 g/cm3, 

with a weight tolerance of 5%. The demands on the booster according to the standard is that its 

diameter does not exceed 30 mm, and its height must be shorter than 1/3 of the charge height H.  

(NSA 2011, 30). 

Table 1 lists data reproduced from the standard for charges of 6, 8 and 10 kg. 

Table 1. Data reproduced from NSA 2011, 30. 

Mass Size [kg] D [mm] H [mm] 

6 250 80 

8 270 90 

10 290 97 

When testing occurs under vehicle, the standard specifies that the charges must be placed either 

under the occupant compartment or under a wheel or track, with at least 50% of the charge 

inboard (NSA 2011, 16).     

2.2 The basics of the explosive process 

Lamnevik (1985, 12-14) wrote about the initiation and energy release process of an explosive in 

great depth. As described in his compendium, the two possible processes for energy release from 

an explosive that has been initiated is either by deflagration or detonation: a deflagration process 

is initiated by raising the temperature in the explosive to its reactionary temperature, resulting in 

a thin, sub-sonic reaction zone moving throughout the explosive. A detonation process on the 

other hand is initiated by a mechanical process: a compression wave moves throughout the 

material at supersonic speed, heating up the layers in the reaction zone and causing the 

explosion. It is also described in the compendium how the rest products of the detonated 

explosive consist mainly of gas.  

To achieve detonation in an explosive smaller charges called “booster-charges” are usually 

employed, whose position within the explosive has an effect on the following blast wave 

contour. The energy added from these “boosters” is high, usually in the order of 100 J/cm2 

(Lamnevik 1985, 14). 

Friedlander (1946, cited in Dewey 2010, 1) stated that equation 1 describes an idealized 

pressure-time-variation of a blast in free air caused by a spherical charge measured in a fix point 

in the blast environment (Figure 1) without taking into account the effects of reflections or 

meteorological conditions  

𝑃(𝑡) = 𝑃𝑚𝑎𝑥 ∗ 𝑒
−

𝑡

𝑡𝑛 ∗ (1 −
𝑡

𝑡𝑛
)                                                (1) 
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, where 𝑃𝑚𝑎𝑥 is the peak pressure, t is a time variable and  𝑡𝑛 is the time after which the positive 

pressure of the blast passes into negative pressure. The pressure expressed in the Friedlander 

waveform is the side-on pressure, measured perpendicularly to the shockwaves travel direction, 

contrary to the face-on pressure which is of higher magnitude due to the reflective interference 

above a surface. Figure 1 illustrates the principal ways of measurement for the two pressures in a 

blast wave often encountered in the literature, for example mentioned by Glasstone and Dolan 

(1977, 128). 

 

Figure 1. Two types of measured pressure. 

After the detonation the ambient pressure 𝑃0 in the measuring point is elevated to a peak pressure 

𝑃𝑚𝑎𝑥. For all practical purposes, this pressure elevation is instantaneous when close to the blast 

source (DoD 2008, 43). The pressure eventually passes into negative pressure. The negative 

phase is usually less important than the positive one when taking structure design into account 

(DoD 2008, 43). Figure 2 illustrates the pressure-time variation of an idealized blast according to 

the Friedlander equation. In Figure 2, 𝑝𝑚𝑖𝑛 is the minimum negative pressure, 𝑡𝑎 is the time 

before initiation and 𝑡𝑑 is the duration of the positive impulse 𝐼𝑝. 

 

Figure 2. Pressure-time curve for a free air blast wave (Larcher 2008).  

An impulse caused by pressure is defined in equation 2.  

𝐼 = ∫ 𝑃 𝑑𝑡                                                                   (2) 
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, where P is the time-dependent pressure function.  

For almost all explosives, the detonation velocity increases linear with the material density 

(Lamnevik 1985, 25).  Some common explosive parameters are shown in Table 2.  

Table 2. Data reproduced from Lamnevik 1985, 25. 

Explosive ρ [
𝒌𝒈

𝒎𝟑] v [
𝒎

𝒔
] P  [MPa] 

TNT 1650 7 19 000 

PETN 1770 8,3 34 000 

Hexogen 1820 8,4 38 000 

Octogen 1900 9,1 28 000 

2.3 Scaling 

Figure 3 illustrates two charges of different weight placed at different distances from a target A. 

In order to calculate the distances needed for the charges to exert the same pressure on the target, 

Hopkinsons scaling law in equation 3 is fundamental. It states a relation, a “scaled distance”, 

between stand-off distance and a spherical charge weight. (U.S Army Material Command 1974, 

3-2).  

 

Figure 3. Charges of different weight at different distances.  

𝑍 =
𝑅𝑠

𝑊1/3                                                                     (3) 

,where 𝑅𝑠 is the stand-off distance and W is the charge weight. The Hopkinsons scaling law 

applies for an idealized explosive process with two geometrically similar charges of the same 

material in the same atmosphere. The compendium also states that the Hopkinsons scaling law is 

applicable for scaled impulse according to equation 4. 

Ϛ =
𝐼𝑝

𝑊1/3                                                                     (4) 

Lamnevik (1985, 27) describes the critical diameter of a charge as the diameter beneath which an 

explosion can’t take place. According to his compendium, the diameter is not only dependent on 

size, but also on the type of explosive, particle size and distribution and density. It is also stated 

that by lessening the particle size and increasing the density, the critical diameter can be 

decreased. Table 3 shows some experimental results for critical diameter for various explosives. 
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Table 3. Data reproduced from Lamnevik 1985, 27 

Explosive      Density [
𝒌𝒈

𝒎𝟑
] Particle size [mm] Critical diameter [mm] 

PETN 1000 0,10-0,03 0,9 

Hexogen 1000 0,2-0,03 1,2 

TNT 850 0,05-0,01 5,5 

TNT 850 0,20-0,07 11 

2.4 The elements of blast loading 

Graphical curves for TNT-blast data indicate non-linear behavior for the positive impulse at the 

vicinity of the blast source (DoD 2008, 83). The same curves show that the pressure approaches 

the detonation pressure at close ranges.  

A wide variety of factors determine how and with what severity the load from a blast wave will 

impact a target. In order to get a general idea of the elements of blast loading, a shockwave from 

an air blast that strikes a rectangular structure (Figure 4) is examined. This is a process described 

in depth by Glasstone and Dolan (1977, 128), and the different steps of the loading is described 

in greater detail below. 

 

Figure 4. An idealized, non-curved shock front striking a rectangular surface. 

Fig. 4a)  The incident pressure is the overpressure at the front of the shockwave as it closes in on 

the object (Glasstone and Dolan 1977, 128). When measuring the pressure “side-on” it is the 

incident pressure that is measured. 

Fig. 4b) For an ideal smooth, indestructible and rigid surface facing the shockwave, the “face-

on” pressure or normally reflected overpressure 𝑃𝑟 at the surface upon impact rises to up to 

between two to eight times that of the incident pressure (U.S Army Material Command 1974, 1-

7). This reflected overpressure is however largely dependent on the proximity to the surface, the 

angle of impact and surface shape. 

Fig. 4c) When the structure is in the midst of being engulfed by a blast wave, the pressure 

differential between the front and rear face will act as a translational force on the object. 

(Glasstone and Dolan 1977, 129). This phenomena is called diffraction loading. 

If the charge is detonated close to or on the ground, both the nature of the incident shock front 

and the make-up of the soil or reflective surface will determine the reflected pressure (DoD 

2008, 358).  

2.5 The effects of charge shape 

The effect of the spherical charge shape is by far the most covered in the literature. The material 

covering cylindrical charges, especially those made of TNT, is substantially thinner.  
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Guerke and Scheklinski-Glueck (1982) wrote about a series of experiments in order to evaluate 

the resulting pressures from different cylindrical geometries compared to that of semispherical 

charges of corresponding weight. 

In the experiments described in their paper, cylindrical charges made of RDX (Hexogen), 

initiated at one end, where placed on a rigid steel plate and tested for different inclinations and 

for L/D-ratios of 1 and 5. It was shown that the cylindrical charges shock front contour tended to 

take on a shape similar to the spherical one far out from the detonation point, although due to 

diffraction and reflection phenomena caused by the asymmetrical shockwave with multiple 

pressure peaks from the cylindrical charges an error factor of 2 was observed at a scaled distance 

of Z=20 
𝑚

𝑘𝑔1/3 compared to a semispherical charge.  By neglecting charge shape, errors of a factor 

of 10 in peak overpressure could be observed at Z=1 
𝑚

𝑘𝑔1/3 .  

Other tests were described by Esparza (1992). In this paper cylindrical pentolite charges of L/D-

ratios of ¼, 1/1 and 4/1 were examined with respect to their side-on overpressure. 

Loading data from the cylindrical blasts were then used and scaled to equivalent TNT weight, 

and standard spherical TNT curves were then used for calculating the equivalent mass ratio 

between spherical and cylindrical charges. Blast data-graphs for different angles relative to the 

cylindrical charge of different L/D-ratios were then attained and plotted against their spherical 

TNT-equivalent. Data from these graphs is reproduced in Table 4, converted to SI-units. The 

data applies for an angle of 0º, straight above a charge of an L/D-ratio of 1/4.    

Table 4. Cylindrical-spherical equivalent data reproduced from graphics by Esparza 1992, 416. 

𝒁𝒄𝒚𝒍 [
𝒎

𝒌𝒈𝟏/𝟑] 𝑹𝒔   [m] 𝑾𝒄𝒚𝒍 [kg] 𝑾𝒔𝒑𝒉 [kg] 

1,8 2,8 4 0,4 

1,8 3,2 6 0,6 

1,8 3,6 8 0,8 

1,8 3,8 10 1 

1,8 4,4 15 1,5 

2.6  Ambient conditions effect on blast 

The effects of various atmospheric conditions such as air pressure, temperature and humidity 

must be known in order produce replicable test results in the testing procedure. The effect of 

these conditions on the blast wave increases as it expands, and at a scaled distance of about  Z ≈ 

40 
𝑚

𝑘𝑔1/3
 the results may become heavily altered from the theoretical case.  (DoD 2008, 44).        

Sachs (1944, as cited in U.S Army Material Command 1974, 3-9) stated a scaling law that takes 

both ambient pressure and temperature into account when calculating changes in impulse due to 

atmospheric conditions. In this law it is assumed that the total energy in a blast is the same no 

matter the external atmospheric conditions, but the duration and intensity of it varies. Ideal gas 

behavior for air is also assumed. Equation 5 states the relation between two impulses in two 

different atmospheric conditions according to Sachs scaling law   

                                                                𝐼𝑝1
·

𝑣𝑠1

𝑝01

2
3

= 𝐼𝑝2
·

𝑣𝑠2

𝑝02

2
3

                                                      (5) 



 21 

,where 𝐼𝑝is the positive impulse, 𝑣𝑠 is the speed of sound in the ambient air and 𝑝0 is the ambient 

air pressure.  

Sachs scaling law has been experimentally verified for scaled distances 𝑍 · 𝑝0
1/3 of 3 to 30 

𝑓𝑒𝑒𝑡

𝑙𝑏𝑠1/3 · 𝑝𝑠𝑖1/3 (Dewey and Speraza 1950, 18). Dividing these scaled distances with the ambient 

pressure factor 𝑝0
1/3 (assuming 𝑝0 = 14,7 psi)  and converting Z to SI-units gives metric scaled 

distances of about 0,5 to 4,9 
𝑚

𝑘𝑔1/3
 for which Sachs scaling is applicable.  

The speed of sound is an important parameter when calculating blast loading. It is first and 

foremost a function of ambient temperature and can be calculated with equation 6 (Ekroth and 

Granryd 2006, 408).  

                                            𝑣𝑠 = √ĸ · 𝑅 · 𝑇                                                                  (6) 

, where ĸ is the ratio of specific heat, R is the gas constant and T the temperature (K). They are 

defined according to equations 7-8 (Jonsson 2009, 9)  

ĸ =
𝑐𝑃

𝑐𝑣
                                                                           (7) 

𝑅 = 𝑐𝑃 − 𝑐𝑣                                                                       (8)                    

,where 𝑐𝑃 is the specific heat at constant pressure and 𝑐𝑣 is the specific heat at constant volume. 

For dry air at T=293 K (20ºC),  ĸ =1,4 and R=287 
𝑁𝑚

𝑘𝑔·𝐾
 (Ekroth and Granryd 2006, 408). ĸ and R 

are temperature-dependent variables, with ĸ varying between 1,402-1,4 between -40 and 40ºC 

(Kinney and Graham 1985, 176).  

Dewey, Johnson and Patersson (1962) found that when sufficiently close to a charge the ambient 

pressure is irrelevant. A number of tests with small-range spherical pentolite-charges were made 

in an altitude-simulating chamber where ambient pressure could be varied but not temperature,  

see Figure 5 for their results. The circles in the figure represent measurement-deviations for each 

test. The results show that the ambient pressure becomes completely negligible at a scaled 

distance of about Z = 0,2
𝑚

𝑘𝑔1/3, converted to SI-units. 
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Figure 5. Scaled impulse dependence on ambient pressure (Dewey, Johnson and Patersson 1962).  

The ambient air pressure in Sweden varies from extremes of 950 to 1050 hPa, and the standard 

atmospheric pressure (1 atm) is 1013,25 hPa at sea level. (The Swedish Meteorological and 

Hydrological Institute 2014).   

Ambient temperatures have stretched from extremes of 38 to -52,6ºC. (The Swedish 

Meteorological and Hydrological Institute 2014). 

Compiled data from Hardy, Telefair, and Pielemeier (1942, as cited in Bohn 1988, 3) and Lide 

(1986, as cited in Bohn 1988, 3) regarding the effect of relative humidity on a percentage-

increase in sound speed for different temperatures is reproduced in Table 5. The percentage-

increase is in comparison to completely dry air. The added effects of temperature on sound speed 

are not taken into account. 

Table 5. Data reproduced from  Hardy, Telefair, and Pielemeier (1942, as cited in Bohn 1988, 3) and Lide (1986, as 

cited in Bohn 1988, 3) 

 
Rel. humidity (%) 

         

 

10 20 30 40 50 60 70 80 90 100 

t (ºC) 

          5 0,014 0,028 0,042 0,056 0,07 0,083 0,097 0,111 0,125 0,139 

10 0,02 0,039 0,059 0,078 0,098 0,118 0,137 0,157 0,176 0,196 

15 0,027 0,054 0,082 0,109 0,136 0,163 0,191 0,218 0,245 0.273 

20 0,037 0,075 0,112 0,149 0,187 0,224 0,262 0,299 0,337 0,375 

30 0,068 0,135 0,203 0,272 0,34 0,408 0,477 0,564 0,615 0,694 

40 0,118 0,236 0,355 0,474 0,594 0,714 0,835 0,957 1,08 1,2 
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W.L. Bender (2006) mentions humidity in that its effects on blast intensity are negligible when 

considering normal day variations, but that the difference between a very dry and very damp day 

can be noticeable.    

2.7 Measuring blast load 

Getting an exact picture of a blast requires both sophisticated instrumentation and time 

consuming configuration, often via loading cells, shockwave-filming or piezo-electric 

components like pencil probes. Breakage of expensive measuring equipment is also a constant 

risk when too close to the blast source.  

Mechanical or deforming gauges lack precision, but many times offers a faster and cheaper way 

of measurement which makes room for a larger statistical base with more tests. Several concepts 

have been tested during the years which concepts are described in the following chapters. 

A common method for measuring blast effect is by deflection δ of a steel plate from the positive 

impulse of the explosion, used for example in test riggs at FMV. The principle is illustrated in 

Figure 6. 

 

 

 
Figure 6. Principle of a plate-gauge. 

A variation of the plate deformation method was the cylinder gauge (U.S Army Material 

Command 1974, 7-22). Two copper discs where clamped on the edges of an airtight cylinder 

according to the principle of Figure 7, their orientation made for a measurement of the side-on 

pressure.  

 

Figure 7. Principle for the copper disc-gauge 

A popular method for measuring pressures in gun barrels is the copper crusher method where the 

chamber pressure pushes piston towards a copper cylinder, deforming it. The deformation of the 
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copper piece is proportional to the pressure and impulse in the barrel (projects.nfstc.org 2014). 

This principal has also been utilized for explosives. 

Bues, Hlady, and Bergeron (2001, as cited in Fiserova 2006, 84) wrote about a horizontally 

placed mine impulse pendulum (MIP) that was employed to measure the effects of soil on the 

positive impulse of mines. The rotation of the pendulum was measured with both high-speed 

cameras and mechanical gauges. 

Another gauge based on movement is the spring-piston gauge (Figure 8). According to Kennedy 

(1946, as cited in U.S Army Material Command 1974, 7-21), the maximum compression of the 

spring in a spring piston gauge can give a fair measurement of the positive impulse if piston 

mass and spring strength are adjusted so that the natural period of the piston mass is about four 

times the size of the duration of the positive impulse. It is however stated that no data was given 

to support this claim.  

 

 
Figure 8. Principle of the spring-piston gauge. 

2.8 Blast load data and approximation 

Standard free-air blast data curves exists for spherical TNT-charges at a range of scaled distances 

(DoD 2008, 83). Table 6 lists some approximated graphically obtained impulse and pressure and 

values from these curves converted to SI-units. The data is obtained for an equivalent of about 

0,5 m from the blast. 

Table 6. Data obtained graphically from DoD 2008,83 

 
R [m] Z [

𝒎

𝒌𝒈𝟏/𝟑] 𝒕𝟎 [ms] 𝑷𝒓𝒎𝒂𝒙 [MPa] 𝑷𝒎𝒂𝒙  [Mpa] 𝑰𝒑 [kPa·ms] 𝑰𝒓  [Mpa·ms] 

4 kg 0,5 0,8 0,18 76 9 38,7 0,67 

15 kg 0,5 0,5 0,047 158 14,5 53,7 1,5 

4 kg 1,5 0,95 0,68 6,9 1,2 0,043 0,15 

15 kg 1,5 0,6 0,09 26,2 3,5 0,039 0,32 

For design purposes, the pressure-time variation can be approximated as a triangular function: a 

fictional positive impulse-time can be calculated with equation 8 with the help of a known 

positive impulse and maximum pressure (DoD 2008, 64). This approximation is applicable for 

both the incident and reflected pressure.    

                                                                            𝑡𝑜𝑓 =
2·𝐼𝑝

𝑃𝑚𝑎𝑥
                                                                  (8) 
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 2.9 Quality function deployment 

A quality function deployment (QFD) is a method for quality assurance developed by Yoji Akao 

in Japan during the 1960’s (qfdi.org 2014). The procedure for a QFD can be executed in a 

variety of ways, but the principle behind it is to generate engineering features out of user or 

customer demands. One application of the QFD thinking is the House of Quality (Hauser and 

Clausing 1988), where the relationship between customer and product properties can be 

examined in a matrix, in which the relations between technical properties also can be 

determined. 

2.10 Pughs concept selection 

Stuart Pugh (1991) introduced a systematic selection system for concepts or ideas. It is a straight 

forward method done by listing a number of criteria along with the product-to-be-valued in a 

matrix, weighing them towards each other to obtain total points.    

2.11 Pugsleys safety factor 

Pugsley (1966, cited in Schmid, Hamrock and Jacobson 2014) presented a methodical way of 

approximating an appropriate safety factor for construction. Schmid, Hamrock and Jacobson 

(2014, 7) presented a table based on this method from which a series of factors is combined. The 

factors are A (Quality of materials, Worksmanship, maintenance and inspection), B (Control 

over load applied to part) and C (Accuracy of stress analysis, experimental data or experience 

with similar parts). These factors are rated in a scale of Poor, Fair, Good and Very Good and 

amounts to a combine value in the factor 𝑛𝑠𝑥. The other factor 𝑛𝑠𝑦 is a value that depends on the 

personal and economic impact of failure, rated with Not Serious, Serious and Very Serious.  The 

product of these two factors amounts to the Pugsley safety factor. 

2.12 The Johnson-Cook material model 

Johnson and Cook (1983) developed a constitutive material model to account for the behavior of 

a series of materials subjected to high strain-rates such as high-velocity impact, or thermal 

softening from changing temperature. In their paper, the Von Mises flow stress in the material is 

expressed as equation 9  

𝜎 = [𝐴 + 𝐵 · ε𝑛][1 + 𝐶 · 𝑙𝑛ε̇∗][1 − (𝑇∗)𝑚]                                           (9) 

, where ε is the equivalent plastic strain, 𝜀̇∗ is the plastic strain rate, 𝑇∗ is the homologous 

temperature, A is the yield stress, B and n are hardening constants, C is the strain rate constant 

and m the thermal softening exponent. The model is empirical with the material constants in the 

flow stress equation being derived from experimental data. 

2.13 Threading length 

Colly Company (1995, 34) presents an approximate formula for the needed length of a thread 

when constructing a bolt joint in a material in equation 10. It is however stated that it is not very 

accurate. 
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𝑅𝑒𝐿 =  
π·𝑑1·P·𝜏𝑠·𝐿𝑒𝑓𝑓

𝐴𝑠
=

π·𝑑1·P·𝜏𝑠·𝐿𝑒𝑓𝑓

π

4
·
(𝑑𝑚+𝑑1)2

2

                                                           (10) 

, where 𝑑1 is the inner diameter of the screw, p is the pitch, 𝜏𝑠 is the shear stress, 𝐿𝑒𝑓𝑓 is the 

threaded length and 𝑑𝑚 is the mean diameter of the screw. 
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3  CONCEPT GENERATION 

3.1 Repeatability of the verification method 

In order to produce replicable results the verification method must provide a minimum of 

unknown variables. This chapter describes the identified possible variables and the measures 

needed to minimize or remove them. 

The unpredictable properties of the soil beneath a charge may produce unwanted variations in 

charge impulse. A considered way around this is to detonate the charge in free-air, but for 

practical purposes the height cannot be of a magnitude that completely neglects ground 

reflection. The kind of pressure that is measured with the verification method must therefore be 

considered. Fig. 9a) and Fig. 9b) illustrates two possible orientations for the charge hanged or 

mounted at a distance from the ground.  

 

   

 

Figure 9. Two mounting orientations for the TNT-charge.  

Evaluating the effects of weather on the blast is crucial for a repeatable verification method, as 

studies have pointed towards a demanded range of as close as Z=0,2 
𝑚

𝑘𝑔1/3 in order to completely 

eliminate effects from varying ambient pressure. Since the Sachs scaling has only been verified 

for scaled distances of Z=0,5 to 4,9 
𝑚

𝑘𝑔1/3, there exists a gap between which the meteorological 

effects aren’t negligible but on the same time can’t accurately be accounted for by the scaling 

method.  

 The deemed possible range of weather conditions during testing are the following: 

 An ambient  pressure variation of  950-1050 hPa 

 A temperature variation of 40 to -40 ºC 

 A relative humidity between 10-100% 

 

As previously shown in Table 5 the effect of moist air on the speed of sound (and thus on the 

blast impulse) is negligible on the whole. It is first at quite extreme cases as far as Swedish 

conditions go that the effect approaches even 1%.  
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According to Sachs scaling law in equation 5, the scaling factor between two impulses in 

different atmospheric conditions is 
𝑣𝑠

𝑝0

2
3

 . This factor is listed in the table in Appendix A for 

pressure and temperature variations under Swedish conditions, where ĸ and R is assumed 

constant at 1,4 and 287 
𝑁𝑚

𝑘𝑔·𝐾
 respectively. An example of how these data may be used to 

approximate the weather effect on the blast is given below.  

A 4 kg spherical TNT-charge is detonated in free air and produces an incident impulse of 

𝐼𝑟1
= 0,15 MPa · ms at a distance of 1,5 m. It is 30 ºC in the air with an air pressure of 𝑝01

=

1020 ℎ𝑃𝑎 and a relative humidity of 70%.         

Later that year another test is planned with an identical charge. The temperature is now -20 ºC, 

the air pressure 𝑝02
= 970 ℎ𝑃𝑎 with a relative humidity of 10%. The new blast impulse 𝐼𝑟2

 at 1,5 

m is calculated by first compensating the speed of sound in the Sachs scaling in equation 11 for 

relative humidity-factors ƍ1 and ƍ2. The relative humidity-factors doesn’t cover winter 

temperatures but is assumed to only change marginally from the lowest temperature in the data ( 

5 ºC). 

  
𝐼𝑝1·ƍ1·

𝑣𝑠1

𝑝01

2
3

ƍ2·
𝑣𝑠2

𝑝02

2
3

= 𝐼𝑝2
                                                          (11) 

After data is acquired from Appendix A for the 
𝑣𝑠

𝑝0

2
3

 –factor of the two cases, compensated for 

relative humidity by factors ƍ from table 5, the new expected impulse is calculated in equation 

(12) 

0,5·106·1,00477·0,1599

1,00014·0,1511
= 0,1595 MPa · ms                                           (12) 

It is also important that the conditions and setup for the verification method are exactly the same 

between each test to produce replicable results. This means that: 

 Fixed components cannot be altered in any way because of the blast 

 Eventual deformation material must be of a standardized and homogenous quality in 

order to produce the same results as its replaced material for the next test  

 Effects of temperature on the properties of both the TNT-charge and the material must be 

taken into account 

3.2 Approximation of blast loading  

In order to properly dimension the verification method information about the magnitude of the 

blast impulses are needed. Since no data regarding free-air blasts from cylindrical charges has 

been able to be obtained other ways of predicting loading are needed. 

Spherical-cylindrical TNT mass-ratios 
𝑊𝑠𝑝ℎ

𝑊𝑐𝑦𝑙
 for impulse were found in Table 4. These ratios 

applied for a L/D-ratio of 1/4 which is fairly close to the AEP55-specified ratio of 1/3.  
𝑊𝑠𝑝ℎ

𝑊𝑐𝑦𝑙
 had 

however only been plotted down to a scaled cylinder-distance of about 1,8 
𝑚

𝑘𝑔1/3
. No other data 

for free air cylindrical charges has been obtained for closer distances, and extrapolating the data 



 29 

might not be an option due to unknown nonlinear effects. An option for closer distances is 

therefore to dimension the verification method after the apparently stronger blast impulses of 

spherical charges, and afterwards adjust the distance of the cylindrical charge to the measuring 

point by trial-and-error with the help of scaling experiments.    

3.3 Quality function deployment  

The purpose of the QFD generated in this thesis is to summarize what technical properties needs 

extra consideration (or perhaps no consideration at all) in the idea generating process. The QFD 

is created and viewed in Figure 10. The results are obtained by assigning importance-values 

ranging between 1, 3 and 9 to the methods properties according to how well they correlate with 

the customer needs. Each value is then multiplied with the customer importance value, giving a 

total technical importance rating at the end when summarized. 

 

Figure 10. QFD for the method. 

The single most important property of that needs considering is not unexpectedly the shape of 

the parts interacting with the shockwave, along with adequate material selection and the size of 

the parts. In the other end of the spectrum lies the number of parts which will need little 

consideration to meet customer needs. 
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3.4 Concept generation  

A brain storming process is performed with the guidance of the results from the QFD-matrix.  

This chapter contains simple sketches of the principle behind each concept. 

Figure 11 illustrates the parts of the first concept: The steel matrix. A thick steel plate is placed 

upon a steel matrix, which in turn is fixated on a concrete foundation with pins.  

 
Figure 11. a) Steel plate b) Steel matrix c) Fixating pins d) Concrete foundation 

The charge is mounted above the center of the plate according to Figure 12.  

 

Figure 12. The TNT-charge mounted above the plate. 

After the detonation the plate is deformed in a manner as in Figure 13, giving a picture of both 

the impulse and the symmetry of the blast. 
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Figure 13. The deformed plate. 

The second concept, The Pendulum, consists of a variant of a ballistic pendulum with a vertically 

mounted TNT-charge in front of it, see Figure 14. The pendulum is mounted on a steel rod which 

in turn is mounted in two fixtures. A weight is then attached to the bottom of the pendulum in 

order to stabilize it into upright position.  

 

Figure 14. a) TNT-charge b) Pendulum target plate c) Rotation point d) Dead weight e) Fixture 

Figure 15 illustrates the pendulums rotational angle α after a detonation.  

 

Figure 15. 
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The rotational angle is registered on a copper plate with a sharp metal pin, located somewhere 

around the rotational point. See Figure 16. By simply adjusting the position of the copper plate a 

bit the next test can be performed immediately afterwards without further preparations.  

 

Figure 16. 

The third concept, The pencils, is illustrated in Figure 17. A steel probe with a shape similar to 

the piezo-electrical pencil probes is equipped with a copper plate and a stamp. As the shockwave 

engulfs the pencil, the side-on pressure will pressure the stamp into the plate. After each test, the 

same plate can be adjusted for the next test. 

 

Figure 17. a) Pencil body b) Pressure exerted on the stamp c) Stamp d) Copper plate 

A proposed setup with the pencils is shown in Figure 18, which would also allow for 

measurement of the symmetry of the blast. 
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Figure 18. a) TNT-charge b) Pencil c) Foundation 

Figure 19 shows the resulting stamp-marks from which the diameters are a measure of the blast 

impulse. 

 

Figure 19. The deformation of the copper plate. 

The fourth and final concept, The piston, consists of a steel cylinder mounted on a piston, which 

in turn is mounted on a steel foundation standing on concrete according to Figure 20. The TNT-

charge is mounted above it. The point of concept is, just like the pencils, to act as a form of 

mechanical pencil probe less likely to break.   
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Figure 20. a) Steel cylinder b) Piston c) Foundation 

Within the steel cylinder a small copper cylinder is fixated and centered with the help of a 

threaded pipe and a holder. The steel cylinder and its contents is in turn gliding on the piston 

with the aid of a PTFE-cylinder see Figure 21.   
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Figure 21. a) Copper cylinder b) Copper holder c) PTFE-cylinder d) Fixation cylinder e) Sphere 

Figure 22 illustrates the principle assembly in the steel cylinder. As the cylinder is pushed down 

by the detonation, the copper is pushed into the steel sphere resting in the piston. 

 

Figure 22. Cross-section of the mounted measuring body 
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Figure 23 shows the copper cylinder after it has been deformed by the steel sphere. The diameter 

of the hole is a measurement of the blast impulse. 

 

Figure 23. The deformed copper. 

3.5 Pughs matrix concept evaluation  

The Pughs matrix method is a way of evaluating different ideas of concepts with respect to 

customer needs or other criteria. In this case the four different concepts are rated on a scale of 1 

to 10 in how well they satisfies each customer need. This value is then multiplied with a 

customer importance value. The sum of all these products adds up to a total score for each 

concept, see Table 7.   

Table 7. The Pughs matrix 

Customer Needs 
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Measure impulse of blast 10 9 9 9 9 

Independent of ground reflection 10 9 7 5 9 

Weather insensitive 10 7 6 8 9 

Insensitive to vibrations 7 8 6 9 7 

Transportability 6 9 3 9 9 

A minimum of replaced material between tests 6 3 9 8 7 

Inexpensive 5 8 5 9 7 

Good manufacturability 5 9 3 9 8 

Easily mountable 4 9 3 8 7 

      

 
Total: 499 386 507 518 

Three of the concepts where fairly even in total score. The failure of The plate matrix stemmed 

partly from the large projection area to the shockwave, which would mean that the close-range 

measurements needed to neglect weather effects would risk destroying the setup altogether. The 

method also suffered from having to replace a large, heavy steel plate between each test. The 

only major flaw of The pencils-concept was its way of measuring the impulse: a sensitivity to 

side-on impulse also means sensitivity to the reflected ground impulse. The main strength of the 

winning concept lies in measuring the face-on pressure in its height above the ground (neglecting 
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ground reflection) combined with a having a small measuring area which allows for closer 

measurements (neglecting weather effects).  
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4 EVALUATION OF CONCEPT 

4.1 Purpose and FEM-software 

Due to the complex nature of a short duration load interacting with structures, simulations in a 

Finite Element Method-software has to be utilized. For very fast impacts or shock loads such as 

from explosive processes, the best solutions are obtained with explicit solvers, for example with 

ANSYS Autodyn. The several simplifications that will have to be made mean that this analysis 

should be interpreted indications rather than accurate results.  

The simulations are expected to indicate the kind of deformation will be present in the copper 

cylinder and how well the structure responds to the shock. Four types of models will be 

examined: 

1. An fine-mesh explicit analysis model of the copper cylinder and the steel ball to examine 

the behavior of the copper under heavy deformation 

2. An explicit analysis of a model of the steel cylinder with copper cylinder, steel ball and 

piston within to examine stress levels 

3. An explicit analysis of a model of the threads in the steel cylinder to examine stress 

levels 

4. An explicit and a modal analysis of a simplified, full model to evaluate structural 

movement to evaluate vibrations and natural frequencies   

4.2 Modeling the setups 

In this chapter the setup for the simulations is examined. The temperature for the materials is set 

to 22º in all tests. 

For explicit analysis in Autodyn several material models exists which describes the nonlinear 

behavior of materials subjected to short durations loads. The materials chosen for the explicit 

analysis are a model for oxygen free copper, CU-OFHC2, and a tough alloy steel in STEEL 4340 

The parameters used in the analysis is listed in Table 8. 

Table 8. The used Johnson-cook parameters in the simulations. 

 
CU-OFHC2 STEEL 4340 

ρ [
𝑘𝑔

𝑚3
] 8960 7830 

c [
𝐽

𝑘𝑔·°𝐶
] 383 477 

A [Pa] 9 · 107 5 · 108 

B [Pa] 2,92 · 108 5,1 · 108 

N 0,31 0,26 

C 1st order 1st order 

M 1,09 1,03 

𝑇𝑚 [°C] 1082,9 1519,9 

Bulk Modulus [Pa] 1,29 · 1011 1,59 · 1011 

Shear modulus [Pa] 4,6 · 1010 8,18 · 1010 
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Frictionless contacts are assumed between every contact surface in the analysis, as well as 

symmetric contact behavior, that is both bodies will exhibit flexible behavior. All bodies will be 

represented by Lagrange-nodal elements.  

With the incident and reflective blast loading data available in Table 6 , triangular pressure-time 

functions can be created which is approximations of the acting impulses in the surfaces. -

Equation 13-16 gives the fictional positive impulse times illustrated in Figures 24-27.   

The fictional positive impulse time of a 4 kg charge is for the side-on impulse 

𝑡𝑜𝑓 =
2·𝐼𝑝

𝑃𝑚𝑎𝑥
=

2·38,7·103

9·106 = 8,6 µ𝑠                                                 (13) 

 

Figure 24. The incident impulse of a 4 kg charge. 

, and for the reflected impulse 

𝑡𝑜𝑓 =
2·𝐼𝑟

𝑃𝑟𝑚𝑎𝑥
=

2·0,67·106

76·106 =  17,6 µ𝑠                                          (14) 

 

Figure 25. The reflected impulse of a 4 kg charge. 

 

The fictional positive impulse time of a 15 kg charge is for the side-on impulse 

𝑡𝑜𝑓 =
2·𝐼𝑝

𝑃𝑚𝑎𝑥
=

2·53,7·103

14,5·106 = 7,4 µ𝑠                                            (15) 

 

Figure 26. The incident impulse of a 15 kg charge. 

 

, and for the reflected impulse 
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𝑡𝑜𝑓 =
2·𝐼𝑟

𝑃𝑟𝑚𝑎𝑥
=

2·1,5·106

158·106 = 19 µ𝑠                                           (16) 

 

Figure 27. The reflected impulse of a 15 kg charge. 

These impulses are supposed to emulate the impact from a charge 0,5 m above the measuring 

surface. 

Some simple, initial design assumptions are made at the beginning of the analysis, here show in 

Figures 28-32.   

 

Figure 28. The piston. 

 

Figure 29. The top of the piston. 

 

Figure 30. The steel sphere. 
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Figure 31. The copper cylinder. 

 

Figure 32. The steel cylinder. 

4.3 The behavior of the copper  

The behavior of the copper as the sphere is pushed down into it will have a definite impact on the 

design within the steel cylinder and will therefore have to be examined. Since the ball and the 

copper cylinder is of an axisymmetric geometry, and the load is assumed to be symmetric, it can 

be modeled as a 2D-problem in ANSYS as it saves a lot of computation time. Fig. 33a) 

illustrates the chosen boundary conditions of the model, with a top plate added on top of the 

copper to emulate the pressure-delivering surface. The displacement for the bodies in the x-

direction is set to 0 along the symmetry-line in the y-axis. The pressure-impulse acting on the top 

plate needs to be strong enough to push the copper one sphere-radius downwards onto the 

sphere: the maximum deformation before the copper hits the piston head. A triangular pressure-

time function with an immediate rise to 500 MPa followed by a decay to 0 in 0,05 ms is used to 

achieve this. 

 Fig. 33b) illustrates the contact conditions. 

 

Figure 33. a) Boundary conditions of the setup b) Connections in the setup  
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The final mesh-size of the model is shown in Figure 34, with a finer mesh chosen for the copper 

and the sphere. The chosen material is CU-OFHC2 for the copper with linear-elastic material 

behavior assumed for the top plate and sphere.  

 

Figure 39. Mesh-size of the setup 

The needed mesh-size was examined with respect to the horizontal displacement of the edge in  

Fig. 35a). The displacements converged with the mesh element size according to Table 9. 

Table 9. Horizontal displacement of the copper cylinder edge 

Element Size Displacement top [mm] Displacement bottom [mm] 

1,00E-03 1,33 0,70 

5,00E-04 1,34 0,73 

2,50E-04 1,36 0,73 

   

 

Figure 35. a) The measured edge of the copper. b) Area in the copper with plastic deformation 
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4.4 The measuring body 

A simplified 2D-model of the axisymmetric measuring body is modeled with the purpose to 

assess the behavior and stresses in the steel cylinder, the steel ball and part of the piston: the 

parts assumed to be the hardest affected of the blast loading. Vital parameters will also be 

examined to learn how the indentation in the copper cylinder will be affected. 

The parameters deemed probable to have the largest effect on the indentation is the thickness t 

and radius r illustrated in Figure 36. The goal is to produce measurable results with the smallest 

charge, 4 kg, all the while not have the largest charge to push the copper cylinder down too far 

into the sphere. Reasonable limits for these values is that the 4 kg charge should produce an 

indentation deeper than 0,5 mm, while the 15 kg charge shouldn’t exceed 7 mm. 

 

Figure 36. The examined parameters of the steel cylinder. 

Figure 37 shows the chosen boundary conditions. The displacement is set to x = 0 along the y-

direction and the bottom of the piston is set to be fixed. The top of the steel cylinder is subjected 

to a reflected impulse and the side to an incident impulse. 
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Figure 37. The boundary conditions of the measuring body. The edge marked with B is subjected to the incident 

impulse and C to the reflected impulse.  

Figure 38 illustrates the contact surfaces. 

 

Figure 38. The contact surfaces.  

To determine an appropriate mesh-element size the maximum displacement in the y-direction of 

the lower edge of the copper cylinder was examined when subjected to the impulse from a 4 kg 

charge. The time frame was 0,1 ms and resulted in maximal displacements according to Table 

10. The chosen mesh is seen in Figure 39. 
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Table 10. Maximum vertical discplacement of the lower edge of the copper cylinder at 0,1 ms. 

Element Size Displacement[mm] 

3,00E-03 3.0569e-04 

1,500E-03 4.2176e-04 

7,50E-04 4.1799e-04 

 

Figure 39. The mesh-size of the measuring body. 

The purpose of the simulations is to evaluate both the stresses in the structure and the penetration 

depth of the sphere into the copper.    

Figure 40 illustrates the effects after the impulse from a 15 kg charge at 0,5 m has struck the top 

surface. After a while the shock wave that is transporting itself throughout the material will be 

reflected from the bottom of the structure, change direction and create interference-phenomena 

resulting in stress peaks and lows flickering throughout the structure for a duration of time.  

 

Figure 40. a) At 6µs: The shock front strikes the surface. b) At 12µs: Wave energy divides between the copper and 

the steel cylinder c) At 41 µs: Stress concentration as wave energy transfers to the sphere d) At 90 µs: The wave 

reaches the piston, while being reflected upwards in the steel cylinder   
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The starting simulation evaluates what kind of indentation can be expected when detonating a 4 

kg charge.  The vertical deformation for the lower edge of the copper during 1 ms is seen in 

Figure 41.   

 

Figure 41. Lowest vertical discplacement of the copper with a steel cylinder of  r=40 mm and a 4 kg charge 

The graph clearly shows the vibrations of the copper cylinder between the steel cylinder and the 

sphere. The maximum indentation never reaches above 0,5 mm and is thus unsatisfactory. With r 

increased to 60 mm in the model, a new simulation is made with results shown in Figure 42.  

 

Figure 42. Lowest vertical discplacement of the copper with a steel cylinder of  r=60 mm and a 4 kg charge 
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A larger area with r=60 mm meant a satisfactory indentation far above 0,5 mm and somewhat 

less pronounced vibrations of the copper. Figure 43 shows the result of a 15 kg charge for r= 60 

mm. 

 

Figure 43. Lowest vertical discplacement of the copper with a steel cylinder of  r=60 mm and a 15 kg charge 

No unacceptable level of penetration resulted from the 15 kg charge, r=60 mm is thereby 

determined a satisfactory parameter value. The next parameter that needs to be tested is the 

thickness h, with respect to both indentation and occurring stresses in the steel cylinder, sphere 

and piston. This is done with a 15 kg charge for the worst case stress scenario. The resulting 

stresses in the parts for r= 60 mm with t=10, 20 and 30 mm respectively are shown through 

Figures 44-46.    

 

Figure 44. Maximum stresses in the steel cylinder, r= 60 mm 
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Figure 45. Maximum stresses in the steel sphere, r=60 mm 
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Figure 46. Maximum stresses in the piston, r=60 mm 

The indentation decreased with increasing thickness t, ending up at above 1 mm for a 15 kg 

charge and 0,5 mm för a 4 kg charge for a thickness of 30 mm. Combined with the decreased 

stress levels in the parts this is determined to be the second acceptable parameter value.  

Figure 47 illustrates the largest stresses in each part and their locations for a 15 kg charge with r 

= 60 mm and t = 30 mm.   
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Figure 47. The largest stresses and their locating in each part with r=60 mm, t=30mm  

4.5 The threads 

Both the inside of the steel cylinder and the outside of the fixation cylinder are threaded. An 

appropriate minimum length is determined with equation 18, where the material is assumed to be 

the steel 2234 with 𝑅𝑒𝐿 = 600
𝑁

𝑚𝑚2
 and 𝜏𝑠 = 348 

𝑁

𝑚𝑚2
 . The thread is assumed to be a metric 

M100x3 thread.   

𝐿𝑒𝑓𝑓 =  
𝑅𝑒𝐿·𝐴𝑠

π·d·p·𝜏𝑠
=

600·
π

4
·
(98,05+96,76)2

2

π·96,76·3·348
≈ 28 𝑚𝑚                               (17) 

The purpose of the stress analysis is to evaluate the effects of shear forces and vibrations acting 

on the threads when the steel cylinder is pushed downwards at a rapid velocity. Figure 48 shows 

the setup with threads added between a model of the fixation cylinder and the outer cylinder at 

the bottom. The horizontal displacement on the inner edge of the fixation cylinder is set to 0, 

other boundary values for the model remains unchanged.    
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Figure 48. Shear forces acting on the threads. 

It is assumed that the first couple of threads are taking a majority of the load and thus a finer 

mesh is chosen for that area by creating a sphere of influence according to Figure 49.   

 

Figure 49. The meshing of the threads 

As shown in Figure 50 the stress concentrations in in the threads resulting from at 15 kg are 

significant with a maximum Von Mises-stress of about 𝜎𝑣 = 745 MPa .  
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. 

Figure 50. Loading of the threads from a 15 kg charge.  

4.6 Full body model 

A full, simplified 3D-model of the verification method is built to be analysied with both explicit 

and modal analysis. The purpose of the model is partly to look at the stresses and the 

discplacements in the structure as a whole with the help of explicit analysis with varying 

parameters, partly to examine natural frequencies of the structure. The part most at risk is 

deemed to be the piston and will therefore be examined. The simplified model is built by 

approximating the steel cylinder including everything in it as a single mass. Solid  edge is used 

to extract the weights of the different components. Table 10 lists the results. 

Table 10. Weight of the steel cylinder-model 

Part Weight [kg] Density [
𝒌𝒈

𝒎𝟑
] 

Steel Cylinder 9,8 7830 

Fixation Cylinder 6,2 7830 

PTFE pipe 1 2200 

Lock 0,7 7830 

Copper 0,35 8960 

Ball 0,03 7830 

   Total weight: 18 kg 
 

Based on the results from chapter 4.4 design changes are made to the piston as well as to the 

steel cylinder to represent a weight of 18 kg, see Figures 51-54. 
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Figure 51. A 18 kg simplified steel cylinder 

 

Figure 52. The modified piston with a wider diameter. 

 

Figure 53. Some basic measurements for the foundation. Top view. 
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Figure 54. Some basic measurements for the foundation. Side view. 

Two loading cases will be examined for the full body model, both for a 15 kg charge at 0,5 m. 

The first case is for a completely centered blast. The second one deals with the case when the 

mine hasn’t been centered properly above or perhaps detonated unevenly. See Figure 55 for the 

applied boundary conditions.  

 

Figure 55. The boundary conditions of the full scale model. 

For the first case with a completely centered, symmetric blast the side-on and the reflected 

pressure is used accordingly to Figure 26 and 27 respectively.  

For the asymmetrical blast it is assumed that the center of the charge has been somewhat 

displaced, resulting in the impulse striking at an angle of 10º relative to the steel cylinder. It is 

assumed that the reflected pressure on the top surface thereby will be affected with 90% of the 
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charges reflected impulse-strength in the vertical direction and 10% acting in the horizontal 

direction. It is also assumed that the side surface of the cylinder will be affected in the horizontal 

direction by 10% of the charges reflected pressure for that area. 

The chosen mesh with an element size of 0,001 is shown in Figure 56. The chosen material 

model for all parts are STEEL 3430. 

 

Figure 56. The boundary conditions of the full scale model. 

Figure 57 shows the time-plots for the vertical displacements from symmetric loading for piston 

lengths of 1, 0,7 and 0,5 m.  

 

Figure 57. Vertical displacement. 1 m: 1100 Hz. 0,7 m: 2000 Hz. 0,5 m: 1430 Hz     

Figure 58 plots the horizontal displacements caused by the asymmetric load for piston lengths of 

1, 0,7 and 0,5 m. Figure 59 plots the stresses in the foundation.  
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Figure 58. Horizontal displacement. 1 m: 24,4 Hz. 0,7 m: 40 Hz. 0,5 m: 91 Hz     

 

Figure 59. Von mises-stress in the foundation. 

 

Figure 60. Von mises-stress in the piston. 

A modal analysis is also performed to examine the structures natural frequencies and their modal 

shapes for piston lengths of 1, 0,7 and 0,5 m. See Figure 61. The foundation is fixed and the 

chosen material is the linear-elastic Structural Steel.  
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Figure 61. The 1st modal shapes along with the natural frequencies of the assembly.  
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4.7 Safety factor  

Using Pugsleys safety factor approach, the parameters are deemed the following: 

A (Quality of materials, Worksmanship, maintenance and inspection) = Very Good 

B (Control over load applied to part) = Fair 

C (Accuracy of stress analysis, experimental data or experience with similar parts) = Poor 

Combining these parameters lead to a first factor of  𝑛𝑠𝑥 = 2,1. The danger to personnel-factor is 

set to Not Serious and the economic impact-factor is also set to Not Serious, leading to a factor 

of 𝑛𝑠𝑦 = 1. 

The total safety factor is thereby according to equation 18 

𝑠 = 𝑛𝑠𝑥 · 𝑛𝑠𝑦 = 2,1 · 1 = 2,1                                                (18) 
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5  RESULTS  

5.1 Material selection 

The evaluation of the concept design indicates that incorporating threads of the tested dimension 

will result in significant stress loads (σ𝑣 = 750 MPa ) of a magnitude that no steel suitable for 

threading can account for with any safety factor to speak of. For the rest of the parts analyzed, 

Table 11 lists the metals used in the method and their respective stress limits. 

Table 11. The material selection. 

 
𝛔𝒗 [MPa] Material 𝛔𝒚 [MPa] 𝑹𝒑𝟎𝟐[MPa] s Supplier 

Steel cylinder 230 SS 2225-03 500  2,2 Tibnor AB 

Sphere 500 Titan 1000  2 Spekuma AB 

Piston 190 SS 2387-04  

 

620 

3,3 

Kilberghs Stål 

AB 

Foundation 7,2 SS 2387-04  

 

620 

86 

Kilberghs Stål 

AB 

Copper 

Cylinder  CW008A  

40-120 

 Tibnor AB 

All the chosen steels are temper-hardened to minimize the risk of crack-propagation because of 

the vibrations. Stainless steel was chosen for the piston and the foundation since they might be in 

a fixed position outside and otherwise would risk corrosion. The chosen stainless steel is one of 

the few steels of high strength that can be subjected to temper hardening, thus the high safety 

factors. The yield stress-value for the titan sphere is approximate, as Spekuma AB delivers 

bearing-balls of hard metals such as titan, but doesn’t specify any material quality. The copper is 

of an 99,95% pure, oxygen-free type to ensure homogeneity in the material.   

5.2 Design refinements 

All involved parts with the exception of the threads could handle the stresses involved for a 15 

kg charge. In the modal analysis the natural frequencies of the structure was also examined. 

Table 12 summarizes the frequency of the vertical and horizontal displacements for symmetric 

and asymmetric load respectively, compared to their closest natural frequency. It is obvious that 

the setup becomes more advantageous as far as natural frequencies go the shorter the piston is. 

Table 12.  

 
Symmetric load Asymmetric load 

 Piston Length [m] Vertical Disp. Freq. [Hz] Horizontal Disp. Freq. [Hz] Natural Frequency [Hz] 

1 1100 24,4 30,5 

0,7 2000 40 66 

0,5 1430 91 158 
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The chosen piston length is thereby 0,5 m. As the concept design with threads proved to be hard 

to realize changes in the design are needed. Figure 62 an 63 illustrates an alternate design 

without the use of threads.  

 

Figure 62. Cross-section of an alternate design of the measuring body 

As shown in Fig. 62 a) the top surface is smoothened to minimize vibrations from turbulence 

once the shockwave passes. An increase of the radius of the rounded corner is done in Fig. 62 b). 

Fig. 62 c) illustrates a lubricated rubber bushing used to center and to some degree fixate the 

copper cylinder, as the weight of the steel cylinder pushes it downwards. For severe indentation 

of the copper cylinder it expands a maximum of 2 mm in diameter as shown in the FEM-

simulations, an expansion which the rubber bushing should allow. It should also help to absorb 

vibrations. As shown in Fig. 62 d) locker rings are used to keep the PTFE in place. The PTFE 

also acts as a vibration dampener. Fig. 62 e) points towards the surface of the piston which will 

have a fine surface finish with a Ra-value to further minimize the friction against the PTFE.       
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Figure 63. Exploded view of the alternate design of the assembly 

Fig. 63 a) shows the expanded piston, now with a diameter of 80 mm to accommodate the new 

design for the centering of the copper cylinder. Fig 63 b) illustrates the design of the bottom of 

the piston: a flange is fitted into a flange-cavity in the bottom of the foundation. The foundation 

is in turn fastened into concrete with screws. See Appendix B for a complete assembly drawing 

and detail drawings of the steel cylinder, the piston and the foundation. 
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6  DISCUSSION AND CONCLUSIONS 

6.1 Discussion   

It can put into question whether the small indentations obtained in the FEM-simulations is very 

realistic given the extreme forces of TNT-explosions as such close proximity. A possible 

explanation is that vibrations caused the force-transfer between steel cylinder and the copper to 

become uneven, making the steel cylinder to “hammer” the copper. It is also possible that the 

triangular impulse-approximation have underestimated the effects of the durations of blasts. The 

frictionless properties assumed between the steel cylinder and the copper might also have 

affected the outcome. The strength of the concept herein lies in its ability to adapt to different 

loading cases by manufacturing different shapes for the top of the measuring body. Should initial 

testing show way too large indentations this can be lessened by replacing the steel cylinder with 

a more cone-shaped variant with less reflective surface.   

 

 In the case that the load-approximation is not too far off, the difference in copper-indentation for 

the chosen design parameters of the steel cylinder was only 0,5 mm between a 4 kg charge 

delivering an reflected impulse of 0,67 MPa·ms and a 15 kg charge delivering 1,5 MPa·ms. 

Chapter 3.1.2 used Sachs scaling to determine the impulse-difference between summer and 

winter conditions to only 9500 Pa·ms at 1,5 m. Given that the structural- and loading models 

where somewhat realistic this means that the effects of the researched weather effects have an 

effect on the verification method that won’t be measurable. The effects of wind are however still 

unknown. It can be argued that with these findings, where the need of proximity of the 

verification method to the charge was overestimated in the Pughs-matrix, other concepts might 

be eligible.  

 

Several design flaws is identified, mainly stemming from the fact that the importance of the 

effects of the vibrations resulting from the blast impulse was greatly underestimated in the QFD 

as an important technical quality to take into account in the idea generation, both in terms of the 

uneven pressure transfer to the copper cylinder as well as the intensity of the vibrations in the 

structure. The consequences are an unacceptable stress level in the threads as well as sensitivity 

to natural frequencies evident by the modal analysis. Given that a linear-elastic material model 

was used in the modal analysis contrary to the explicit one and that a simplified model was 

employed, the results should be interpreted as tendencies rather than a pinpoint of realistic 

frequencies. 

 

While the shorter piston proved the most beneficial vibration-wise it also might pose problems to 

the concrete the foundation it is bolted in. Preliminary testing might reveal that a close proximity 

to the charge is necessary to achieve measurable indentations, and detonating that close to the 

concrete might cause cracking. The possible “hammering” motion of the foundation against the 

concrete is also of concern both for the bolts and the concrete. 

 

 

6.2 Conclusions 

 

1. The inaccuracies in the analysis of the indentation of the copper can be compensated by 

manufacturing shapes for the steel cylinder with different reflective areas. 

2. Given that the obtained deformations are somewhat close to reality, weather effects can 

be neglected and the charge doesn’t have to be mounted very close. 
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3. The effects of vibrations was underestimated, leading to a possible need for a redesign of 

the foundation 

4. A new concept generation would benefit from the findings of the evaluation work. In its 

current form the chosen concept will need modifications to be realized.  
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7  RECOMMENDATIONS AND FUTURE WORK 

 

7.1 Recommendations 

Suggested modifications to the design might be to implement rubber-damping solutions for the 

bolts clamping the foundation to the concrete as well as between the foundation and the concrete 

to lessen the impact of hammering vibrations. A modification where the steel cylinder is pre-

tensioned against the copper cylinder is also desirable if not necessary. A suggestion to lessen 

the impact on the concrete is to mount the verification method on a cone-shaped concrete height 

to lessen the face-on reflective area. Another modification might be to manufacture the 

foundation and the piston as one piece. 

 

7.2 Future work 

A more accurate way of determining if the structure is at risk of vibrating close to one of its 

natural frequencies is to perform a FFT (Fast Fourier Transform) in which the whole vibration-

timeline is broken down into a frequency spectrum. Studies are also needed on how vibrations 

differ between charges of different weights as well as during longer time periods.  

 

Other work needed include a proper dimensioning of the bolts in the foundation by evaluating 

response forces in the holes of the foundation and designing a way to easily mount the TNT-

charge. Design aspects such as the properties of the rubber centering the copper cylinder in the 

alternate design are also needed, an important task since unknown variables need to be 

minimized.  Finally a testing program should be realized where quality assured charges with 

maximum and minimum allowed weight-variations are tested to obtain reference-values for the 

blast impulse. 
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APPENDIX A – Weather Compensation Table 
 

  
p0 

[hPa] 
950 960 970 980 990 

t 

[ºC]             

-40   0.1470 0.1460 0.1450 0.1440 0.1430 

-39   0.1473 0.1463 0.1453 0.1443 0.1433 

-38   0.1476 0.1466 0.1456 0.1446 0.1436 

-37   0.1480 0.1469 0.1459 0.1449 0.1439 

-36   0.1483 0.1472 0.1462 0.1452 0.1442 

-35   0.1486 0.1475 0.1465 0.1455 0.1445 

-34   0.1489 0.1479 0.1468 0.1458 0.1448 

-33   0.1492 0.1482 0.1471 0.1461 0.1452 

-32   0.1495 0.1485 0.1474 0.1464 0.1455 

-31   0.1498 0.1488 0.1478 0.1467 0.1458 

-30   0.1501 0.1491 0.1481 0.1470 0.1461 

-29   0.1504 0.1494 0.1484 0.1473 0.1464 

-28   0.1507 0.1497 0.1487 0.1477 0.1467 

-27   0.1511 0.1500 0.1490 0.1480 0.1470 

-26   0.1514 0.1503 0.1493 0.1483 0.1473 

-25   0.1517 0.1506 0.1496 0.1486 0.1475 

-24   0.1520 0.1509 0.1499 0.1489 0.1478 

-23   0.1523 0.1512 0.1502 0.1491 0.1481 

-22   0.1526 0.1515 0.1505 0.1494 0.1484 

-21   0.1529 0.1518 0.1508 0.1497 0.1487 

-20   0.1532 0.1521 0.1511 0.1500 0.1490 

-19   0.1535 0.1524 0.1514 0.1503 0.1493 

-18   0.1538 0.1527 0.1517 0.1506 0.1496 

-17   0.1541 0.1530 0.1520 0.1509 0.1499 

-16   0.1544 0.1533 0.1523 0.1512 0.1502 

-15   0.1547 0.1536 0.1526 0.1515 0.1505 

-14   0.1550 0.1539 0.1529 0.1518 0.1508 

-13   0.1553 0.1542 0.1531 0.1521 0.1511 

-12   0.1556 0.1545 0.1534 0.1524 0.1514 

-11   0.1559 0.1548 0.1537 0.1527 0.1517 

-10   0.1562 0.1551 0.1540 0.1530 0.1519 

-9   0.1565 0.1554 0.1543 0.1533 0.1522 

-8   0.1568 0.1557 0.1546 0.1536 0.1525 

-7   0.1571 0.1560 0.1549 0.1538 0.1528 

-6   0.1574 0.1563 0.1552 0.1541 0.1531 

-5   0.1577 0.1566 0.1555 0.1544 0.1534 

-4   0.1580 0.1569 0.1558 0.1547 0.1537 

-3   0.1582 0.1571 0.1561 0.1550 0.1540 
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-2   0.1585 0.1574 0.1563 0.1553 0.1542 

-1   0.1588 0.1577 0.1566 0.1556 0.1545 

0   0.1591 0.1580 0.1569 0.1559 0.1548 

1   0.1594 0.1583 0.1572 0.1561 0.1551 

2   0.1597 0.1586 0.1575 0.1564 0.1554 

3   0.1600 0.1589 0.1578 0.1567 0.1557 

4   0.1603 0.1592 0.1581 0.1570 0.1559 

5   0.1606 0.1595 0.1584 0.1573 0.1562 

6   0.1609 0.1597 0.1586 0.1576 0.1565 

7   0.1611 0.1600 0.1589 0.1578 0.1568 

8   0.1614 0.1603 0.1592 0.1581 0.1571 

9   0.1617 0.1606 0.1595 0.1584 0.1573 

10   0.1620 0.1609 0.1598 0.1587 0.1576 

11   0.1623 0.1612 0.1601 0.1590 0.1579 

12   0.1626 0.1614 0.1603 0.1592 0.1582 

13   0.1629 0.1617 0.1606 0.1595 0.1584 

14   0.1631 0.1620 0.1609 0.1598 0.1587 

15   0.1634 0.1623 0.1612 0.1601 0.1590 

16   0.1637 0.1626 0.1615 0.1604 0.1593 

17   0.1640 0.1629 0.1617 0.1606 0.1595 

18   0.1643 0.1631 0.1620 0.1609 0.1598 

19   0.1646 0.1634 0.1623 0.1612 0.1601 

20   0.1648 0.1637 0.1626 0.1615 0.1604 

21   0.1651 0.1640 0.1628 0.1617 0.1606 

22   0.1654 0.1643 0.1631 0.1620 0.1609 

23   0.1657 0.1645 0.1634 0.1623 0.1612 

24   0.1660 0.1648 0.1637 0.1626 0.1615 

25   0.1662 0.1651 0.1639 0.1628 0.1617 

26   0.1665 0.1654 0.1642 0.1631 0.1620 

27   0.1668 0.1656 0.1645 0.1634 0.1623 

28   0.1671 0.1659 0.1648 0.1636 0.1625 

29   0.1674 0.1662 0.1650 0.1639 0.1628 

30   0.1676 0.1665 0.1653 0.1642 0.1631 

31   0.1679 0.1667 0.1656 0.1645 0.1634 

32   0.1682 0.1670 0.1659 0.1647 0.1636 

33   0.1685 0.1673 0.1661 0.1650 0.1639 

34   0.1687 0.1676 0.1664 0.1653 0.1642 

35   0.1690 0.1678 0.1667 0.1655 0.1644 

36   0.1693 0.1681 0.1669 0.1658 0.1647 

37   0.1696 0.1684 0.1672 0.1661 0.1650 

38   0.1698 0.1686 0.1675 0.1663 0.1652 

39   0.1701 0.1689 0.1678 0.1666 0.1655 

40   0.1704 0.1692 0.1680 0.1669 0.1658 
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𝒑𝟎 

[hPa] 
1000 1010 1020 1030 1040 1050 

t 

[ºC]               

-40   0.1421 0.1411 0.1402 0.1393 0.1384 0.1375 

-39   0.1424 0.1414 0.1405 0.1396 0.1387 0.1378 

-38   0.1427 0.1417 0.1408 0.1399 0.1390 0.1381 

-37   0.1430 0.1420 0.1411 0.1402 0.1393 0.1384 

-36   0.1433 0.1423 0.1414 0.1405 0.1396 0.1387 

-35   0.1436 0.1426 0.1417 0.1408 0.1399 0.1390 

-34   0.1439 0.1429 0.1420 0.1411 0.1402 0.1393 

-33   0.1442 0.1432 0.1423 0.1414 0.1405 0.1396 

-32   0.1445 0.1435 0.1426 0.1417 0.1408 0.1399 

-31   0.1448 0.1438 0.1429 0.1420 0.1410 0.1401 

-30   0.1451 0.1441 0.1432 0.1422 0.1413 0.1404 

-29   0.1454 0.1444 0.1435 0.1425 0.1416 0.1407 

-28   0.1457 0.1447 0.1438 0.1428 0.1419 0.1410 

-27   0.1460 0.1450 0.1441 0.1431 0.1422 0.1413 

-26   0.1463 0.1453 0.1444 0.1434 0.1425 0.1416 

-25   0.1466 0.1456 0.1446 0.1437 0.1428 0.1419 

-24   0.1469 0.1459 0.1449 0.1440 0.1431 0.1422 

-23   0.1472 0.1462 0.1452 0.1443 0.1434 0.1424 

-22   0.1474 0.1465 0.1455 0.1446 0.1436 0.1427 

-21   0.1477 0.1468 0.1458 0.1449 0.1439 0.1430 

-20   0.1480 0.1471 0.1461 0.1451 0.1442 0.1433 

-19   0.1483 0.1473 0.1464 0.1454 0.1445 0.1436 

-18   0.1486 0.1476 0.1467 0.1457 0.1448 0.1439 

-17   0.1489 0.1479 0.1470 0.1460 0.1451 0.1441 

-16   0.1492 0.1482 0.1472 0.1463 0.1453 0.1444 

-15   0.1495 0.1485 0.1475 0.1466 0.1456 0.1447 

-14   0.1498 0.1488 0.1478 0.1469 0.1459 0.1450 

-13   0.1501 0.1491 0.1481 0.1471 0.1462 0.1453 

-12   0.1504 0.1494 0.1484 0.1474 0.1465 0.1455 

-11   0.1506 0.1496 0.1487 0.1477 0.1468 0.1458 

-10   0.1509 0.1499 0.1489 0.1480 0.1470 0.1461 

-9   0.1512 0.1502 0.1492 0.1483 0.1473 0.1464 

-8   0.1515 0.1505 0.1495 0.1485 0.1476 0.1467 

-7   0.1518 0.1508 0.1498 0.1488 0.1479 0.1469 

-6   0.1521 0.1511 0.1501 0.1491 0.1481 0.1472 

-5   0.1524 0.1513 0.1504 0.1494 0.1484 0.1475 

-4   0.1526 0.1516 0.1506 0.1497 0.1487 0.1478 

-3   0.1529 0.1519 0.1509 0.1499 0.1490 0.1480 

-2   0.1532 0.1522 0.1512 0.1502 0.1493 0.1483 

-1   0.1535 0.1525 0.1515 0.1505 0.1495 0.1486 

0   0.1538 0.1528 0.1518 0.1508 0.1498 0.1488 
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1   0.1541 0.1530 0.1520 0.1510 0.1501 0.1491 

2   0.1543 0.1533 0.1523 0.1513 0.1503 0.1494 

3   0.1546 0.1536 0.1526 0.1516 0.1506 0.1497 

4   0.1549 0.1539 0.1529 0.1519 0.1509 0.1499 

5   0.1552 0.1541 0.1531 0.1521 0.1512 0.1502 

6   0.1554 0.1544 0.1534 0.1524 0.1514 0.1505 

7   0.1557 0.1547 0.1537 0.1527 0.1517 0.1507 

8   0.1560 0.1550 0.1540 0.1530 0.1520 0.1510 

9   0.1563 0.1552 0.1542 0.1532 0.1522 0.1513 

10   0.1566 0.1555 0.1545 0.1535 0.1525 0.1515 

11   0.1568 0.1558 0.1548 0.1538 0.1528 0.1518 

12   0.1571 0.1561 0.1551 0.1540 0.1531 0.1521 

13   0.1574 0.1563 0.1553 0.1543 0.1533 0.1523 

14   0.1577 0.1566 0.1556 0.1546 0.1536 0.1526 

15   0.1579 0.1569 0.1559 0.1549 0.1539 0.1529 

16   0.1582 0.1572 0.1561 0.1551 0.1541 0.1531 

17   0.1585 0.1574 0.1564 0.1554 0.1544 0.1534 

18   0.1588 0.1577 0.1567 0.1557 0.1547 0.1537 

19   0.1590 0.1580 0.1569 0.1559 0.1549 0.1539 

20   0.1593 0.1582 0.1572 0.1562 0.1552 0.1542 

21   0.1596 0.1585 0.1575 0.1565 0.1555 0.1545 

22   0.1598 0.1588 0.1577 0.1567 0.1557 0.1547 

23   0.1601 0.1591 0.1580 0.1570 0.1560 0.1550 

24   0.1604 0.1593 0.1583 0.1573 0.1562 0.1553 

25   0.1607 0.1596 0.1585 0.1575 0.1565 0.1555 

26   0.1609 0.1599 0.1588 0.1578 0.1568 0.1558 

27   0.1612 0.1601 0.1591 0.1580 0.1570 0.1560 

28   0.1615 0.1604 0.1593 0.1583 0.1573 0.1563 

29   0.1617 0.1607 0.1596 0.1586 0.1576 0.1566 

30   0.1620 0.1609 0.1599 0.1588 0.1578 0.1568 

31   0.1623 0.1612 0.1601 0.1591 0.1581 0.1571 

32   0.1625 0.1615 0.1604 0.1594 0.1583 0.1573 

33   0.1628 0.1617 0.1607 0.1596 0.1586 0.1576 

34   0.1631 0.1620 0.1609 0.1599 0.1589 0.1578 

35   0.1633 0.1622 0.1612 0.1601 0.1591 0.1581 

36   0.1636 0.1625 0.1614 0.1604 0.1594 0.1584 

37   0.1639 0.1628 0.1617 0.1607 0.1596 0.1586 

38   0.1641 0.1630 0.1620 0.1609 0.1599 0.1589 

39   0.1644 0.1633 0.1622 0.1612 0.1601 0.1591 

40   0.1646 0.1636 0.1625 0.1614 0.1604 0.1594 
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APPENDIX B - Drawings 
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