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INTRODUCTION
Major accidental explosions of high explosives (HE) or products containing substantial
amounts of HE, such as ammunition, stored in bulk in underground magazines in rock
fortunately occur only rarely. However, the effects of such explosions, like air-blast and
debris throw, have the potential to cause disastrous damage to property and seriously endanger people in the surrounding area. Therefore, such installations need to be situated with
utmost care. In many countries it is common practice to situate such installations according
to the Hazardous Distance (HD) or Quantity Distance (QD) concept. This concept stipulates
that certain distances must be observed between the source of a possible event and inhabited
buildings as well as roads, depending on the amount of hazardous substances to be handled
or stored, and regardless of the probability of the event. The necessary distances stipulated
in the regulations are usually based on general safety criteria such as that the air-blast
overpressure shall not exceed 50 mbar or the density of hazardous debris shall not exceed
one piece per 56 m2. The hazardous distance concept proved effective in the past. With
increasing population density and utilization of land, however, this concept is now proving
to be conservative, unbalanced, and inflexible.
In Switzerland, with its high population density, a safety concept based on Quantitative
Risk Analyses (QRA) was developed nearly 30 years ago for the storage of ammunition and
explosives within the Swiss Department of Defence [1, 2]. This QRA concept takes into
account not only the effects of an accidental explosion but also its probability. It has proven
to be a very useful instrument, allowing the actual hazards of such installations to be calculated in terms of fatalities, taking into account site-specific conditions, such as the number
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of people living in the vicinity or passing by, leisure activities (place and duration), and the
layout of the underground installation itself. Furthermore, it is an excellent tool for planning
and evaluating safety measures. Because benefits and safety costs can easily be shown, it
allows decisions about safety measures to be made on a consistent basis.
However, the risk-based safety concept also has some difficulties. One is that more accurate data and models for predicting the effects of an explosion over a whole range are
needed than with the QD concept, which considers effects only at specific boundaries.
This chapter deals with this problem. Because for the QD approach only boundary values
have been of interest, in many areas there is little reliable data for the development of suitable
prediction models over a whole area. Information is particularly sparse about debris throw,
especially from underground installations in rock with insufficient rock overburden leading
to a crater in case of an explosion.
Although today many basic computer codes exist (hydrocodes like Autodyn and others)
that allow the modeling of many physical effects, it has proved difficult to get reliable results
from such calculations without being able to calibrate the calculated values against data from
full-scale tests. Full-scale tests, however, are very expensive, and few countries have test
sites where tens or even hundreds of tons of explosives can be detonated. In addition, in
many areas model-scale tests are a useful, practicable, and comparatively cheap way to
expand a database. In the field of rock-debris throw, however, small-scale tests are difficult
to perform and evaluate because the scaling of gravity and geological conditions—being
complicated in reality with joints, faults, fissures, and changing properties of the rock material within short distances—causes tremendous problems.
Therefore, it is important to take every other opportunity to enlarge the understanding of
the effects of explosions. Although undesirable, accidental explosions are ideal opportunities
for such a purpose. Despite the tragic consequences of such events, with often many victims,
the physical evidence produced should be used as much as possible to help us understand
the consequences of explosions and enhance the safety of such installations in the future.
On November 2, 1992, a detonation with an approximate energy of 225 tons of TNT
occurred in a Swiss underground installation for the storage of old ammunition and explosives prior to their final destruction. Six people were killed and the installation was completely destroyed. The rock cover above the underground chamber broke off and rock as
well as concrete pieces were thrown over a wide range of the surrounding area.
In Section 26.2, this accidental explosion is described in detail, followed by a description of the comprehensive evaluation of the rock-debris throw originating from the crater
produced. Section 26.3 shows how these data, together with other sources, were used to
enhance the current knowledge in this field and to develop a new prediction model for crater
debris [3] to be used in the Manual of NATO Safety Principles and the Swiss regulation
TLM 75 [4].

26.2
26.2.1

THE STEINGLETSCHER EXPLOSION AND ITS EVALUATION
The Installation

The storage magazine, called ‘‘Steingletscher’’ (Stone glacier) was located in the center of
the Swiss Alps in an uninhabited area. It belonged to a state-owned ammunition factory and
was used to store old delaborated ammunition, outdated explosives, and waste from the
production of ammunition and explosives before their final destruction by open burning or
detonation on the plain in front of the magazine. Figure 26.1 shows the location of the
installation as well as the burning and detonation ground.
The general layout of the magazine is shown in Figs. 26.2 and 26.3. The magazine
consisted of three major parts: the two storing chambers, the unloading area (accessible for
trucks), and the building at the entrance containing all the technical installations. Figures
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FIGURE 26.1 Installation before the event.

26.4 and 26.5 document the volume and cross-section of the different tunnel sections. The
rock overburden above the storage chambers was at least 52 m thick and consisted generally
of very good rock, mostly granite. A more detailed description of the installation can be
found in Ref. 5.
On the day of the accident, the storage chambers were loaded with about 225 tons of
explosives (TNT-equivalent). Most of this—about 190 tons—consisted of flaked TNT in
cardboard drums. The rest consisted of a large variety of ammunition items, including
pyrotechnical materials. The average loading density in the two chambers was around
45 kg / m3.
26.2.2

Summary of the Accident

The usual operations had been underway on November 2, 1992. At the moment of the
explosion, six persons were working inside the installation, at least one of them in one of
the storing chambers, preparing material for destruction that day. Fifteen people were in
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FIGURE 26.2 Magazine layout.

26.5

FIGURE 26.3 Longitudinal section before and after the event. (Grid size 10 m)
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FIGURE 26.4 Volume of chambers and tunnel sections.

other areas outside the underground part of the installation. At about 4 p.m., a fire was
reported by a worker inside the installation, and seconds later a huge explosion followed.
The six people inside the installation were killed instantly; the workers in the surrounding
area miraculously survived without any injuries.
The installation was completely destroyed and the force of the explosion uncovered part
of the rock above the chamber. Afterwards, probably due to the ground shock and the
dislocation of rock material due to the crater forming, a large quantity of rock material—
about 100,000 m3—broke loose from the top of the mountain and covered the area where
the installation had been located. Figure 26.6 shows an overview of the area after the explosion. Rock debris from the crater were thrown into the surrounding area in all directions,
up to distances exceeding 500 m. Along the axis of the access tunnel, the debris throw,
consisting of rock material and concrete parts from the installation, especially from the
entrance building, was even more dense up to a distance of about 700 m. Figure 26.7 shows
a 15-ton block of concrete from the entrance building that was found 370 m from its original
place. There was no damage due to air blast, however, as there were no above-ground
structures such as houses in the immediate area. A more detailed description of the accident
can be found in Refs. 6, 7, and 8.

26.2.3

The Evaluation—Course of Action

Despite the serious consequences and the lives lost in this accident, the Swiss Department
of Defence decided to learn as much as possible from it. A private contractor (Bienz, Kummer & Partner Ltd.) was hired to evaluate the effects of the explosion and to study the
impacts of this event on the existing regulations for the storage of ammunition by the military
forces and the military administration in Switzerland.
Because the installation was relatively new (built in 1983), detailed information was
available about the construction of the underground portions. Quite detailed lists of the
contents of the chambers immediately before the explosion were also available. Because the
basic conditions prior to the accident were quite clear, it was a unique situation for the
investigation of an accidental event.
Because the installation had been built in a mountainous region, the surrounding area was
not inhabited and no buildings—the nearest one being 1,500 m away—were affected by the
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FIGURE 26.5 Relevant cross-section areas.

effects of the explosion. It was therefore decided that the main effort of the evaluation should
be dedicated to analyzing the debris throw originating from the crater and the access tunnel.
The debris throw from the crater will be described in detail below.
The collection of data began two days after the explosion. Because the ground was already
covered with snow, however, it proved to be difficult to obtain reliable data (see Fig. 26.8).
Furthermore, only three days later the real winter started in the Swiss Alps and everything
was covered with masses of snow, making the place inaccessible for more than six months.
Most of the basic data were collected and documented during the summer of 1993, when
the site was accessible again after the annual thaw. The detailed analysis of the basic data
was performed in the following years.
Unfortunately, as often happens under such circumstances, the legal investigation, which
was mainly concerned with the cause of and responsibilities for the event, and not in the
effects produced by the explosion, took priority and caused many delays in the technical
work. Thus, it was a long time before all the necessary data for the evaluation were made
available to the technical people and results could finally be published, making the information also available to a broader audience [9, 10].

FIGURE 26.6 Overview of the scene seven months after the explosion.
26.8

FIGURE 26.7 Concrete block from entrance building, weight 15 tons, 370 m from original place.
26.9

FIGURE 26.8 Site of installation two days after the explosion.
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Recovery and Documentation of Basic Field Data

As a basis for evaluating the physical effects of the explosion, the damage pattern was
recorded by topographical maps, terrain sections, and aerial as well as terrestrial photos.
Detailed documentation was elaborated for 53 pieces of large single debris and 40 debris
collection fields [8]. The data from these debris fields were used for evaluating the debris
throw from the crater, which is described in detail here.
The following were the main steps necessary for the recovery of the debris field data:
1. Suitable debris areas were selected that showed a characteristic debris distribution. This
was quite a difficult task because new debris had to be found in a desert of stones. In
the end, however, it was easier than expected because the shape of the crater debris, the
vegetation under it, and the clean debris surface, without any lichens on it, made a distinction possible. Figure 26.9 shows two of the chosen fields.
2. The selected fields were marked, photographed, and surveyed. An area map showing the
installation and all the fields where debris had been collected (Fig. 26.10: nos. 81 to 120
indicate the debris collection fields, nos. 1 to 53 show the location of the recorded large
pieces of single debris) was produced.
3. Finally, all pieces of debris were collected and sorted out according to different materials
(rock, concrete, metal parts, etc.), and size. Figure 26.11 shows an example. The debris
were counted and weighed. A data sheet was prepared for each debris field, showing all
details, and, as a first step in the evaluation, the debris mass density in kg / m2 was calculated (Fig. 26.12). Figure 26.13 gives an overview of the data of all debris fields.
Twenty-five man-days were invested overall in the data recovery at the site. This is not
as much as would have been desirable, but financial and time constraints made a more
extensive site investigation impossible. Two things proved true again: First, after an accident
there is always an urgent need to clean up the damage as fast as possible, not only at the
scene but also to make all traces of the accident disappear and get the event out of the public
mind. And secondly, it is much easier to get a million dollars for a sophisticated new test
than 10,000 to evaluate an accident.

26.2.5

Analysis of Basic Data

Work Performed. Using the field data, the following evaluations were made:
1. Development of a debris mass density contour map
2. Determination of the number of hazardous debris per unit area (areal density)
3. First estimation of lethality based on the number of hazardous debris
These steps are described in the following subsections.
Development of a Debris Mass Density Contour Map. The distribution of debris from the
crater above the storage chamber was shown by means of a debris mass density contour
map. For the development of this map, only those debris fields could be used that were not
influenced by debris from the access tunnel. Because the area was already covered with snow
on the day of the explosion, and because crater debris and adit debris leave different traces
in the snow at the places where they hit the ground, they could easily be distinguished. Most
of the adit debris was lying within an angle of around 22⬚ to either side of the axis of the
tunnel entrance and were therefore not used for further evaluation of the crater debris throw.
It can be mentioned that a 45⬚ angle is also the area in which most of the debris coming
from an access tunnel would be expected according to safety regulation TLM 75 [4, 11].

FIGURE 26.9 Debris collection areas and debris number 21 (see Fig. 26.7).
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FIGURE 26.10 New area map with debris fields.

For the evaluation of the debris throw from the crater, only debris fields nos. 81 to 95 and
109 to 116, (a total of 23) were used. Together with the fact that the maximum crater debris
throw distance was on the order of 600 to 700 m, the graph in Fig. 26.14 was developed.
This shows the debris mass density in relation to the distance from the center of the crater.
Although the data scattering was not as small as one would have liked it, this debris mass
density versus distance curve represented the physical facts reasonably well. Based on this
curve, the debris mass density contour lines in Fig. 26.15 could be drawn.
This curve does not yet show an angular dependency of the crater debris throw. Although
some of the debris fields sideways to the axis showed somewhat smaller debris mass densities, it was decided at that time, because the number of data points was comparatively
small, to draw a single curve through the data points as in Fig. 26.14. A more detailed
investigation of the data points during the development of a new crater debris throw model
showed, however, that there is a distinct dependency of the density of crater debris on the
angle of the slope of the overburden in the area where the crater is formed. This effect is
discussed in Section 26.3.

FIGURE 26.11 Debris from debris field no. 88.
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Debris Field
Description

No. 88
: Green grassy field, 1/4 under water

Location

: West of the installation, near glacial stream

Dimension

: L = 7.45 m

Area

: A = 47.30 m

W = 6.35 m
2

Type and Mass [kg] of Debris:
Number
Weight
Weight
of pieces
Single
Total
1
1
1
2
1
3
2
2
4
12
10
10
10
Rest
1

26.15

32.5
20
6
4
3
2
1.5

1

Total

Weight
Type
Total

32.5
20
6
8
3
6
3
2
4
8
4
3
2
10
0.05
1
0.3
112.85

111.5
1.05
0.3

Type

Remarks

R
R
R
R
R
R
R
R
R
R
R
R
R
R
M
M
W

2

Debris density [kg/m ] Total: 2.38

Rock: 2.36

Concrete: -

Wood: 0.0063 Metal-/ammunition parts: 0.022

Remarks

: - 1 igniter of a 15,5 cm round, c a. 1 kg

Date

: 28.7.93

FIGURE 26.12 Data sheet of debris field no. 88.

Defining the Number of Hazardous Debris per Unit Area. Debris mass density contour
lines are only one step in determining a safety distance or a lethality rate for a person exposed
to this physical effect. In fact, it is always one or a couple of pieces of real debris that cause
casualties, not an abstract value like ‘‘debris mass density.’’
Thus, the next step in the evaluation was to establish the relationship between the number
of hazardous debris pieces per unit area (the areal density) and the debris mass density.
Based on the data sheets of the debris fields (Fig. 26.12), a debris size summation curve
was developed for each field. A summary of the curves of all 23 fields is shown in Fig.
26.16. A regression with these data points was made (Fig. 26.17), and a final average distribution of the debris size (mass) versus number of debris pieces—standardized for an area
of one m2 and a debris density of 1 kg per m2—was the result. The data were evaluated to
see if the distribution of the debris size depended on the distance from the crater or the angle
from the tunnel axis, but neither were determined to be of significant influence within the
range of interest of this study.
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FIGURE 26.13 Data of all debris fields.

But what is hazardous debris? According to regulations in many countries, and especially
in the NATO regulations [12], a piece of material with a kinetic energy of more than 79
joules qualifiies as hazardous debris. Taking into account a final ballistic velocity in the
range of 35–50 m / s of such debris [13], it can be concluded that all debris pieces weighing
more than 100–150 g are lethal. From Fig. 26.17, it can be concluded that for a debris
density of 1 kg / m2, the average would be 1 lethal debris / m2 (on horizontal ground). Of
course, this value is not a universal constant and is valid only for this explosion accident,
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FIGURE 26.14 Debris mass density versus distance from center of crater.

but it is representative for locations with similar rock types, as will be shown in Section
26.3.
First Estimation of Lethality and Comparison with Existing Regulations. With the values
from the initial evaluation (debris mass density and debris size distribution), it is easy to
calculate safety distances. According to the NATO safety principles [12], the criterion for
the required safety distance (Inhabited Building Distance, IBD) is a debris number density
not exceeding one piece of hazardous debris / 600 ft2 or 55.7 m2. According to Fig. 26.14
one would come up with a safety distance based on the actual debris number density measured of around 640 m (Fig. 26.18) (calculated values according to the NATO safety principles would lead to distances between 300 and 800 m, depending on the calculation model
used [3]). Taking into consideration a lethal area for a person of 0.58 m2 according to the
NATO regulations (a relatively large area for a standing man facing the explosion or assuming that a person would immediately lie down flat on the ground in case of such an event),
the lethality of persons standing in the open at that safety distance would be around 1%.
For the contour line indicating a debris density of 1.0 kg / m2, the respective lethality value
would then be around 60%.
How do these lethality figures compare with reality? At the time of the explosion, 15
workers were standing in the open at point A in Fig. 26.18 and none of them were hurt!
The probability of this happening is not zero, but it is very low. It was therefore concluded
that the NATO safety criteria would have been overconservative in this case.
How would this situation be judged according to the current Swiss Safety Regulations,
which do not apply safety distances but calculate the actual site-specific risk as outlined
already in the introduction to this chapter (see also Refs. 1 and 2)? This risk-based approach
gives a much better picture of what really happens. Thus, the technical models, such as
lethality as a function of physical effects, have to be more detailed and cover a broader
range than in a quantity–distance approach. Therefore, several years ago the lethality of
persons due to debris throw was studied in depth [14, 15]. The impact angle of debris and
the differing susceptibility of different parts of the body are examples of what was taken
into account. Fig. 26.19 shows, as an example, that the impact of a piece of debris with an
energy of 79 joules results in a considerable lethality rate only if the head of a person is hit.
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FIGURE 26.15 Debris mass density contour lines.

Other parts of the body are less sensitive to debris impact with respect to lethality. Based
on that model, the lethality was calculated for the debris density measured at the Steingletscher site, taking into account the distribution of the debris size according to Fig. 26.17.
The result was a lethality of slightly less than 10% at point A in Fig. 26.20, and it was
concluded that this model is more realistic than the current NATO criteria.
26.2.6

Some Lessons Learned

On the technical level, it could be shown, based on a realistic case, that the widely used
NATO safety criteria for debris throw might be too conservative, as already suspected by
many experts. Furthermore, it is shown that the approach presented above gives more plausible results, which, together with a risk-based approach and respective safety criteria, would
allow a more economic use of such installations.
In addition to the technical findings, this accident investigation again showed the following:
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FIGURE 26.16 Summary of distribution of debris size for all debris fields.

FIGURE 26.17 Mean debris size distribution.
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FIGURE 26.18 Lethality according to NATO safety criteria.

1. While an accident is a tragedy for the victims, it is a unique opportunity for safety
specialists to check and improve their methodical and technical instruments for safety
assessment, which improve, in the end, the overall safety of such installations.
2. At times it is not easy for a technical expert to get to the facts. Usually there is great
social pressure to clean up the site immediately, and judges and lawyers tend to lock
away important facts for a very long time.
3. Even with a limited set of data, valuable scientific findings can be made for which prohibitively expensive tests would otherwise be necessary.

26.3
26.3.1

THE DEVELOPMENT OF A NEW DEBRIS THROW MODEL
Historical Update

The Allied Ammunition Storage and Transport Publication, AASTP-1 ‘‘Manual of NATO
Safety Principles for the Storage of Military Ammunition and Explosives’’ [12] contains the
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FIGURE 26.19 Lethality versus impact energy.

necessary information for the safe storage of ammunition and explosives based on a quantitydistance approach. This manual, although recently updated, still contains models dating back
to the late 1950s. One of these older models is the one predicting IBDs (inhabited building
distances) for debris throw from craters produced by accidental explosions in underground
storage facilities in rock. This debris throw model is based on a paper written by D. E.
Jarrett in 1957 [16].
Since that time, the model has not undergone any major improvements, as noted by Odello
[17, 18]. Based on the data available, the formula developed by Jarrett was probably the
most suitable at that time. From today’s point of view, however, some shortcomings emerge.
These include:
1. Most of his work was based on tests performed in the early 1950s with fully coupled
explosions.
2. Most of these tests were performed in sand, dry and wet clay, or sandstone.
3. In the majority of the tests only small quantities of explosives, in the range of several
hundred pounds were used.
4. Due to the type of ground at the test sites, in many of the tests only dustfall, and no real
debris, was produced and recorded.
In contrast, today’s underground installations are generally built in competent rock, the
loading density would be low compared to a fully coupled explosion, and the amount of
explosives to be stored would be in the range of tens to a few hundred tons per chamber.
Therefore, questions have arisen concerning the scaling of the data from these tests and
experiments with small quantities of explosives.
During the last decade, different parties have tried to enhance the tools available for
predicting explosions. Substantial amounts of money have been spent to obtain additional
data from full- and small-scale tests (such as the China Lake test [19]) or to perform theo-
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FIGURE 26.20 Lethality according to Swiss criteria.

retical investigations. Furthermore, accidental explosions in real installations, like the Steingletscher explosion, were investigated and the explosion effects were documented in detail
to serve as a basis for enhancing the current knowledge.
This is why NATO AC / 258 (Group of Experts on the Safety Aspects of Transportation
and Storage of Military Ammunition and Explosives) decided to take advantage of this new
knowledge and reinvestigate some of the explosion effect models for future inclusion in their
safety manual [12] as well as in a proposed NATO risk analysis manual.
The development of the model, the basic data used to create it, and the model itself and
its limitations are discussed in the following sections.

26.3.2

General Procedure

Modeling of debris throw from craters produced by explosions in underground storage installations is one of the most complex problems to be dealt with when analyzing the effects
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FIGURE 26.21 Parameters influencing debris throw from craters.

of such events. One main reason for this is that many parameters, such as the thickness of
the overburden above the storage chamber, the quality of the rock surrounding the chamber,
the weight of the explosives reacting, the slope angle of the overburden, and other factors
may strongly influence the debris throw-out process (a more extensive list of parameters is
given in Fig. 26.21). Another reason is that despite the new data mentioned above, the
database for creating a prediction model taking into account all these parameters is still quite
thin compared to the available data on other explosion effects, such as air blast, which means
the problem cannot be treated on a statistical basis only.
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Initially it was intended to tackle the problem along an analytical approach, taking into
account as many parameters as possible. Due to the facts mentioned above, however, the
need to limit the number of parameters to be used in a new prediction formula to the most
important ones soon became clear and inevitable. Based on expert discussions within NATO
AC / 258 and other organizations, and taking into account real facts as well as engineering
judgment, it was decided to include the following parameters in the new prediction model:
Q ⫽ effective weight of explosives involved in the explosion
␥ ⫽ chamber loading density (kg of explosives per m3 of chamber volume)

C ⫽ overburden / cover thickness (distance, representing a mass)
␣ ⫽ angle of overburden surface slope

Discussions and data showed that in addition to these factors, the rock quality (which influences the size of the crater) and the venting characteristics of the storage chamber (which
influence the total energy available for the throw-out of the crater material) play some role.
For several reasons, however, it was decided to develop a model valid only for strong (good)
rock and unvented chambers as a first step. Since venting of the chamber reduces the pressure
driving the debris throw, this is a conservative assumption.
For the analytical approach, the following procedure was proposed:
1. Define the launch velocity of the debris.
2. Calculate the trajectory of the debris.
3. Relate the calculated ejecta range to a debris density.
The launch velocity of the debris was established as a function of the scaled cover depth
and the chamber loading density, based on reports about well documented experiments [19–
23]. For the calculation of the trajectory of the debris, based on the launch velocity and the
ejection angle, the code TRAJ [24–28], a two-dimensional trajectory program for personal
computers, originally developed by the U.S. Naval Surface Warfare Center, was used. However, the results from the combination of these two steps did not correspond satisfactorily
with observed values.
One explanation for this might be that the observed maximum debris launch velocities
documented in many reports are not really the maximum velocities but only the maximum
velocities of the debris throw front, and that part of the debris behind the front have a higher
velocity due to a longer acceleration by the escaping gases of the explosion. A second weak
point of the trajectory calculation approach is that it does not take into account the total
amount of material that is thrown out of a crater. A simple example calculation using this
two-part procedure shows this important fact.
Q⫽1t
C⫽3m
␥ ⫽ 50 kg / m3
Installation 2
Q ⫽ 100 t
C ⫽ 14 m
␥ ⫽ 50 kg / m3
Both installations have the same scaled cover depth of around 0.3 m / kg1 / 3. This leads to
the same maximum debris launch velocity of approximately 60 m / s and therefore, at the
end, to the same ejecta range of approximately 150 m [19].
Installation 1

It can easily be understood that despite the debris throw distance being the same for both
explosions, the debris density is not the same, as the total amount of debris displaced to the
surroundings is much greater for the 100 t explosion.
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This led to the conclusion that for establishing a relationship between a debris range and
a debris density, an additional parameter would have to be introduced, taking into account
the total mass of debris displaced. Furthermore, it was recognized that extensive calculations
based on simulation techniques such as, Monte-Carlo simulations, would have been necessary
to establish a proper debris density distribution.
Although this approach would have generally been preferred, it seemed impossible to
come up with a sound model within the given time and financial limits. Therefore, an experiment-based relationship was finally developed directly from the available data. Simply
stated, observed debris mass density distributions from accidents and full-scale tests were
taken and correlated with the four main parameters: explosives weight, scaled cover depth,
chamber loading density, and slope angle of the overburden.

26.3.3

Relevant Basic Data

Tests. Until now, only a few tests have been performed concerning debris throw from craterforming mechanisms, some of them being only small-scale tests. Small-scale tests for debris
throw are subject to problems of scaling laws (e.g., gravity effects) and the difficulty of
simulating real rock material with its joints, cracks, and fissures.
For developing the new model, the data from the following trials were used:

• China Lake test (1988): So far, this has been the only large-scale scale test (actual scale

1:2) specially designed to study debris throw as one of the explosion effects of an underground magazine explosion. The data of this test are well documented in Refs. 19 and 29.
Slope angle correction factors (see below, The Overburden Slope Angle Parameter) were
applied to adjust the actual ranges to equivalent values for flat ground. The resulting data
used can be found in Fig. 26.22.
• Raufoss trials (1968): A series of tests (scale approximately 1:3 to 1:4), the largest with
5400 kg of explosives producing a crater, was performed in Norway in 1968. Only a
summary report with very sparse information concerning crater debris throw was available
for this study. The few data reported are documented in Ref. 30. The crater area lay in a
wooded area where it would have been difficult to collect all the debris, especially as the
ground was covered with snow at that time. Furthermore, a substantial amount of debris
probably would have been stopped by the trees.
• Buckboard series, Underground Explosion Test Program (UETP) (1960, 1948): These tests
were primarily designed as cratering experiments. However, during some of these tests the
debris density distribution was also measured, and some of the results have already been
used for the existing crater debris formula in AASTP-1. For the current study, the debris
density distributions documented in Ref. 31 of the Buckboard Tests No. 11 / 12 / 13 and
UETP Tests No. 814 / 815 / 817 were used as reference values for fully coupled explosions.
Data from small-scale tests, as described in, for example, Refs. 22 and 32 to 37, were
not used in this study mainly due to scaling problems. Furthermore in some of the tests it
was difficult to differentiate between the debris coming from the adit and the debris coming
from the crater, and sometimes only the debris launch velocity was measured.
Accidents. In general, data from accidents are more difficult to use for these types of
analysis because often not all relevant parameters are known after the event, whether the
total amount of explosives involved, the exact location of the stored explosives, or other
important data. Nevertheless, some cases were fairly well documented and could be used as
additional data points for developing the prediction model. Other, less documented accidents
can at least be used for testing the new model.
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Pad
Nr.

Range
[m]

Azimuth
[deg]

Number
[p.]

Density
[p. / m2]

Weight
[kg]

Density
[kg / m2]

Factor
ƒ␣

Range
corr.

1
2
3
4
5
7
8
9
10
11

344
301
261
225
195
167
174
194
224
260

316
320
327
335
346
17
33
48
59
67

1
3
6
24
43
33
20
59
19
1

0.06
0.19
0.38
1.50
2.69
2.06
1.25
3.69
1.19
0.06

0.86
3.76
2.14
18.00
68.15
16.40
8.09
96.41
13.15
0.86

0.05
0.24
0.13
1.13
4.26
1.03
0.51
6.03
0.82
0.05

1.1
1.1
1.2
1.2
1.3
1.3
1.2
1.1
1
1

313
274
218
188
150
128
145
176
224
260

FIGURE 26.22 Debris data from China Lake test.
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• Susten / Steingletscher (1992): One of the most recent explosions in an underground ex-

plosives storage installation in rock, discussed in detail in Section 2, took place in the
Swiss Alps in November 1992. The stored types and amounts of explosives and ammunition on the day of the explosion and the installation itself are fairly well known, and a
quite extensive investigation of the debris thrown to the surroundings was performed after
the event (see Section 2). The results of this work are documented in detail in Refs. 5, 7
to 10, and 37.
Because it was recognized that the slope angle of the overburden plays an important
role for throw distances, the results [10, 37] concerning this aspect were reevaluated. The
model for slope angle correction factors [38] was used. The result can be found in Table
26.1.
One of the questions that could not be answered until today is the distribution of the
explosives inside the storage installation. This is why there is some uncertainty about the
effective overhead cover and the effective loading density needed for comparisons. For
this study it was therefore decided to use upper and lower bound values for both parameters.
• Fauld (1944): This is one of the biggest accidents that has ever occurred in an underground
explosives storage installation, involving up to 2,000 tons of explosives (mostly in bombs)
in a single explosion. The event, including the damage to the surroundings, is also quite
well documented [39–41]. The basic debris data used for this study can be found in Fig.
26.23. However, the storage installation itself (an old gypsum mine) and the rock material
TABLE 26.1 Debris Data from Susten/Steingletscher Accident

Pad
number

Range
(real)
(m)

Azimuth
(deg)

Debris
density
(kg/m2)

Debris
density
(p./m2)

Factor
f␣

Range
(corr.)
(m)

81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
102
109
110
111
112
113
114
115
116

279
294
315
370
405
442
314
266
253
288
347
378
431
483
541
536
403
281
201
254
261
259
218
230

287
285
284
297
295
294
302
305
331
325
325
333
334
335
336
19
342
343
50
57
49
67
50
27

2.45
1
0.38
1.03
0.23
0.06
0.91
2.39
2.17
3.69
1.32
1.23
1.15
0.76
0.77
6.72
1.38
3.38
4.26
3.66
3.54
2.06
8.3
3.66

2.5
1.0
0.4
1.0
0.2
0.1
0.9
2.4
2.2
3.7
1.3
1.2
1.2
0.8
0.8
6.7
1.4
3.4
4.3
3.7
3.5
2.1
8.3
3.7

1
1
1
1.1
1.1
1.1
1.1
1.1
1.4
1.3
1.3
1.4
1.4
1.4
1.4
1.4
1.4
1.4
1.2
1.1
1.2
1.1
1.2
1.4

279
294
315
336
368
402
285
242
181
222
267
270
308
345
386
383
288
201
168
231
218
235
182
164

For pad location see Fig. 26.10.
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House
number

Range
(m)

Number
(p.)

Corrected
number
(p.)

10
13
87E
90
91
93
94A
96

1050
960
945
870
810
780
750
690

10
8
6
6
4
12
6
4

15
12
9
9
6
18
9
6

Debris density
(p. / m2)
Area of
house (m2)
97.5
72
300
225
24
150
27
40

Northeast

West
0.15
0.17

0.03
0.04
0.25
0.12
0.33
0.15

FIGURE 26.23 Debris data from Fauld accident.

of the overburden were not very typical for an ammunition storage. Especially concerning
the effective loading density several different estimations exist, ranging from 15 to 173
kg / m3. For this study, the effective loading density was estimated to be around 50 kg / m3,
taking into account that less than the total volume of the widely branched tunnel system
was effective as an expansion volume for the explosion gases within the appropriate time.
• Uusikylä (1965): This accident, also involving up to several hundred tons of munitions, is
not documented very well, at least not regarding the debris throw to the surroundings. For
the available information, see Refs. 42 and 43.
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• Other accidents: For other accidents in underground storage installations, such as Prüm,

Germany (1949) [44], Mitholz, Switzerland (1947) [45], and Waikalua, Hawaii (1946),
either no crater or no typical crater was produced or the available information about crater
debris throw was not sufficient to be used for developing a debris throw model.

Data Used for Calibration. In general, the most emphasis was laid on the China Lake test
data because this test was specially designed for studying the effects of debris throw and
the geometry of the installation was typical for an underground ammunition storage.
For the development of debris density versus range distributions, the data from the China
Lake test and the Steingletscher accident were primarily used.
For establishing the decoupling factor for loading densities less than 1,600 kg of explosives per m3, the data from the fully coupled Buckboard and UETP tests were compared
with the data from the decoupled China Lake test.

26.3.4

The Model and Its Parameters

The General Model. Based on the main factors influencing debris throw from craters, the
following empirical formula was proposed for calculating the distance for a given debris
density D:
R ⫽ k  fq  fc  f␥  f␣
More generally, a debris density at a given location can be calculated using the following
parameters:
D ⫽ f (R, fq, fc, f␥, f␣)
where D
k
R
fq
fc
f␥
f␣

⫽
⫽
⫽
⫽
⫽
⫽
⫽

debris density
constant ⫽ f (D)
distance from center of crater
explosives weight parameter
cover depth parameter
loading density parameter
overburden slope angle parameter

(pieces / m2)
(—)
(m)
(—)
(—)
(—)
(—)

The Explosives Weight Parameter. Based on common knowledge about scaling of explosion effects, it seemed obvious that the nondimensional explosives weight parameter fq is
proportional to the cube root of the explosives weight. The explosives weight in this formula
is defined as the total amount of explosives reacting within a short time, expressed in an
equivalent mass of the explosive TNT. This quantity is often also described as NEQ (net
explosives quantity).
fq ⫽ f (Q)
fq ⫽ Q1 / 3

(—)

where Q ⫽ weight of explosives (kg).
The Cover Depth Parameter. The total mass of rock material thrown into the surroundings
is unquestionably a direct function of the crater volume produced by the explosion. The
crater dimensions (depth, radius, volume) depend primarily on the depth and to some extent
on the rock quality.
In order to take into account the crater volume for different scaled cover depths, a nondimensional parameter fc as a function of the cover depth (C ) was elaborated based on the
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information in Fig. 67 of Ref. 19, Ref. 31, and 46 to 51. This parameter is shown in Fig.
26.24.
fc ⫽ f (C, Q)

fc ⫽ 0.45 ⫹ 2.15 

冋 册

冋 册

C
C
⫺ 2.11 
Q1 / 3
Q1 / 3

2

(—)

where C ⫽ cover depth (shortest distance between chamber and rock surface) (m)
(kg)
Q ⫽ weight of explosives
The function fc has its maximum (1.0) at the optimum depth of burst, i.e., where the
crater volume reaches its maximum. In case of hard and moderately strong rock, this maximum occurs at a scaled cover depth of around 0.5 to 0.6 (m / kg1 / 3).
For hard and moderately strong rock, it is assumed, based on the above-mentioned references, that for a scaled cover depth above 1.2 no cratering occurs that produces relevant
debris throw into the surroundings. This does not imply, however, that there will be no
explosion effects at all at the surface. Loose rock may be displaced, and spalling and a

1.0

0.8

C

[.]

0.9

Cover Depth Parameter f
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0.7
0.6
0.5
0.4
0.3
0.2
0.1
0.0
-0.1

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

Scaled Cover Depth C / Q 1/3 [m/kg1/3]
fC = 0.45 + 2.15 ∗ x - 2.11 ∗ x2 ; x = C / Q 1/3
C = Overburden, Cover [m]
Q = Weight of Explosives, QTNT / NEQ [kg]
FIGURE 26.24 Cover depth parameter fc.
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certain mounding of rock rubble may still occur beyond this value, in addition to the ground
shock effect.
The value for above-ground explosions, where the scaled cover depth is 0 and the cover
depth parameter fc is around 0.45, was derived from Refs. 46 to 48.
The Loading Density Parameter. The influence of the chamber loading density ␥ on the
debris throw distance was taken into account by means of a nondimensional decoupling
factor called loading density parameter f␥ (Fig. 26.25).
f␥ ⫽ f (Q, Vc)
f␥ ⫽
where Q ⫽ weight of explosives
Vc ⫽ chamber volume

冋 册
(Q / Vc)
1,600

0.35

(—)

(kg)
(m3)

Loading Density Parameter fγ [.]

As mentioned above under Data Used for Calibration, this function was mainly derived by

1

0.1

1

10

100

1000
3

Loading Density γ = Q / Vc [kg/m ]
fγ = (γ / 1600) 0.35
Q = Weight of Explosives, QTNT / NEQ [kg]
VC = Storage Chamber Volume [m3]
FIGURE 26.25 Loading density parameter ƒ␥.
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FIGURE 26.26 Debris launch velocity model for TRAJ calculations.

comparing the data from fully coupled explosions [31] with the data from the China Lake
test [19, 29] (see also below, Debris Distribution versus Range).
The Overburden Slope Angle Parameter. In the current regulations, the influence of the
slope angle of the overburden, which is a major factor, is treated in a binary way, which
means, for slope angles below 45⬚, no increase of the hazardous distance is necessary. For
slope angles above 45⬚, however, an increase factor of 1.5 has to be applied. It is thought
that such a function in reality produces inconsistencies that can hardly be explained [38,
52].
Based on a set of calculations with the TRAJ computer model [24] for different overburden slope angles, the influence of a varying angle was studied in detail [38]. For the
calculation of the throw distances, it was assumed that debris coming from the center of the
crater has the highest launch velocity while the velocity decreases towards the edge of the
crater. The model used for the calculations is shown in Fig. 26.26. The result of all calculations for different launch velocities and debris with a different mass is shown in Fig. 26.27,
indicating an increase in the throw distance (compared to flat terrain) in the direction of the
slope and a decrease of the throw distance backwards.
Based on these calculations, a simplified model for the non-dimensional overburden slope
angle parameter f␣ was developed (Fig. 26.28).
f␣ ⫽ f (␣)
Slope angle increase factor: f␣I ⫽ 1 ⫹ 0.02  ␣,
Slope angle decrease factor: f␣D ⫽ 1 ⫺ 0.025  ␣,
where ␣ ⫽ slope angle of overburden

f␣Imax ⫽ 1.5 (—)
f␣Dmin ⫽ 0.25 (—)

( ⬚)

This model shows constant values for slope angles above 25⬚ respectively 30⬚. Although
the calculation showed that for steeper slope angles than 45⬚ the increase factor f␣I could be
reduced slightly from its peak value of 1.5, it was decided to leave it on this level in order

FIGURE 26.27 Debris throw increase and decrease factors. (Top line ⫽ 10 m / s; bottom line ⫽ 200 m / s)
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f α I = 1 + 0.02 ∗ α
1.3
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1.1
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0
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Slope Angle α [°]
αD

Debris-Throw Distance Decrease Factor f
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1.0

0.8

0.6

fα D = 1 - 0.025 ∗ α
0.4

constant
0.2

0.0
0

10

20

30

40

Slope Angle α [°]
FIGURE 26.28 Overburden slope angle parameter f␣.

to take into account other effects, such as landslides from the overburden that might occur
and influence the debris throw process in case of steep slopes. The same reason applies for
not further reducing the decrease factor f␣D for slope angles above 30⬚.
Debris Distribution versus Range. As mentioned in Section 26.1, it was the aim to develop
not a model that calculates only quantity distances, but a formula that predicts densities of
hazardous debris over a wider range. Therefore, the debris to be considered as hazardous
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had to be defined and the relationship between debris areal density (number of debris pieces/
m2) and debris mass density (mass of debris / m2) had to be established.
As explained in Section 26.2, hazardous debris includes all debris pieces that impact with
an energy ⬎79 J. The final (impact) velocity of debris with different masses was calculated
with the computer code TRAJ. Taking these velocities into account, it can be concluded that
all pieces of crater debris from explosions in such underground installations with a mass
heavier than 150 g are hazardous (see also Fig. 26.19).
For most of the tests and accidents, raw data on debris density are presented as debris
mass density in kg per m2. For the China Lake test and the Steingletscher accident, an indepth investigation of this relationship was performed. The surveyed data showed that for
1 kg of rock mass, 0.8 to 1.4 pieces of hazardous debris result (see also Fig. 26.17). For the
development of the new model, an average value of one piece of hazardous debris per one
kg of rock mass was finally assumed.
As already mentioned under Data Used for Calibration, the debris density distribution
versus range from the center of the crater was mainly derived from the China Lake and
Steingletscher data. To a lesser degree, data from the Buckboard and UETP tests and the
Fauld accident were used to calibrate the data.
The following procedure was generally used to derive the debris density distribution:
1. The China Lake and Steingletscher raw data were taken and reduced to a flat terrain with
the help of the overburden slope angle parameter f␣. For data points off-axis, reduced
values for f␣ were used. For the data from the Fauld accident (slope angle ⬃0⬚) this step
was not necessary. When the raw data were available as debris mass densities, they first
had to be transformed to debris areal densities (number of debris pieces per m2).
2. The reduced data were then plotted against the range in a log-log diagram (Fig. 26.29).
3. In a third step, an initial debris density versus range relationship for these data was
developed, based on assumptions concerning the general shape of such a curve. As can
easily be seen, there were not enough data points from the Fauld accident to develop a
specific curve. Thus, a curve with the same shape as that generated for the China Lake
and Steingletscher data was used for the Fauld data points.
4. The cover depth parameter fc, the loading density parameter f␥, and the slope angle parameter f␣ were then applied and the curve was scaled down to an explosives weight of
1 kg. The final result, presented in Fig. 26.30, shows the derived standardized debris
density versus range curve.
From Fig. 26.30, the debris areal densities (pieces per m2) can be calculated for any range
(R), according to the following formula:
D ⫽ f (R*)

冋

D ⫽ ⫺ 1.31 ⫹

册

2

56.1
,
R*

R* ⬍ 42

(pieces / m2)

where R* ⫽ scaled range
(m)
R
R
R* ⫽
⫽
(m)
fq  fc  f␥  f␣ Q1 / 3  fc  f␥  f␣
Figure 26.30 also shows a comparison of the new debris density versus range function with
the data derived from the fully coupled explosion from the Buckboard and UETP test series
[31]. There the curves are presented as straight lines in the log-log diagram; however, no
upper or lower limits of validity are given.
As can be seen, the different models correspond quite well over a wide range, especially
for the tests in hard rock. Unfortunately, this is not true for very low debris densities. Due
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D= a+b
R

2

FIGURE 26.29 Debris density versus range relationship.

to ballistic throw limits, the debris density decreases more rapidly in this region. This fact
can be clearly shown for the China Lake test and the Steingletscher event. But debris density
versus range functions of other tests like ESKIMO 1 and Hastings [38, 53] also show a
similar behavior. For the Buckboard and UETP test series, it is suspected that no real data
were available for the low-density region.
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FIGURE 26.30 Standardized debris density versus range curve.

26.3.5

The New Prediction Formula, Applications and Limitations

Inhabited Building Distances. For the time being, the NATO safety criteria concerning
debris is still one piece of hazardous debris per 56 m2 or 0.018 per m2. Based on this value,
the respective scaled distance can be derived from Fig. 26.30. The graph and the formula
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respectively show that the Inhabited Building Distance (IBD) corresponds with a scaled range
of 38.7.
With this value, the IBD can be calculated for installations with a wide range of loading
densities, cover depth, and explosives weight applying the following formula:
IBD ⫽ 38.7  fq  f␥  fc  f␣

(m)

Of course, with the function in Fig. 26.30, it is easily possible also to establish debris areal
densities for other ranges. This is particularly helpful for risk analyses for such installations
because they are already performed on a regular basis in Switzerland and some other countries.
As discussed earlier, the NATO also intends to introduce a risk analysis concept in the
near future. Therefore, this model also serves as an advance investment in this direction.
Applying the Slope Angle Parameter. In applying the slope angle parameter, the following
rules have to be observed:

• The inhabited building distance (IBD), or any other distance has to be measured as a
•
•
•
•
•

horizontal distance from the crater center at the bottom of the crater (at the level of the
installation).
The slope angle ␣ shall be established in the area where the crater center at the surface
has to be expected.
An average value for the slope angle ␣ over the whole crater area shall be taken into
account in case the surface is not plain in this area.
The increase ( f␣I) as well as the decrease ( f␣D) factor have to be applied to the IBD (or
any other distance) in the direction of the line with the largest gradient intersecting the
center of the crater. This line does not necessarily coincide with the axis of the adit tunnel.
No increase or decrease factor has to be applied to the sides of the crater.
The IBD contour shall be elliptical in shape.

Comparison with Accident and Test Data. To show the accuracy and applicability of the
new approach, data from accidents and tests were compared with the new and existing NATO
debris throw model concerning hazardous distances in Table 26.3. Table 26.2 shows the main
data of the installations used for the comparison. The new model seems to be quite accurate
and fits the real data much better than the current one in AASTP-1.
Figure 26.31 shows a final comparison with the data and the preliminary model of the
Steingletscher installation. As can be seen, the new model also fits the observed debris

TABLE 26.2 Main Data for Installations

Installation

Charge
QTNT / NEQ
(kg)

Scaled
charge
Q1/3
(kg1/3)

Loading
density
␥
(kg/m3)

Rock
overburden
C
(m)

Scaled
rock
overburden
(m/kg1/3)

Slope of
overburden
␣
(⬚)

China Lake
Susten (Model I)
Susten (Model II)
Uusikylä
Fauld
Raufoss

22,000
225,000
225,000
200,000
2,000,000
5,400

28.0
60.8
60.8
58.5
126.0
17.5

68.3
44.8
25.0
65.0
50.0
90.0

8.7
52.0
17.0
15.0
27.5
13.0

0.31
0.85
0.28
0.26
0.22
0.74

20
30
45
20
0
⬃0

TABLE 26.3 Comparison of Observed Ranges from Tests and Accidents with the Current and the New Model

Installation
China Lake
China Lake
Susten
(Model I)
Susten
(Model I)
Susten
(Model II)
Susten
(Model II)
Uusikylä
Uusikylä
Fauld
Raufoss
a

Observed
range
corrected
to flat
terrain
(ORF)

Observed
range front
OR ⫽ ORF
* f␣I

Current NATO
model
AASTP-1
(IBD)

Percentage
of observed
range
IBD / OR

Proposed new
NATO model
(IBDnew)

Percentage
of observed
range
IBDnew / OR

Slope angle
increase
factor f␣I

Weak rock
correction
factor

310
310
470

1.40
1.00
1.50

—
—
—

435
—
705

—
310
—

244
244
258

0.56
0.79
0.37

458
327
757

1.05
1.05
1.07

470

1.00

—

—

470

258

0.55

505

1.07

470

1.50

—

705

—

785

1.11

733

1.04

470

1.00

—

—

470

523

1.11

488

1.04

560
560
1,130
80

1.40
1.00
1.00
1.00

—
—
1.15
—

785
—
1,300
80

—
560
1,300
80

571
571
1,407
85

0.73
1.02
1.08
1.07

888
635
1,367
215

See comments above under Tests.

Observed
range side
OR ⫽ ORF

1.13
1.13
1.05
2.69a

26.39
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FIGURE 26.31 Comparison of debris mass density contour lines from the new model (bold) with
the current model (thin, see Fig. 26.15).

densities much better than the preliminary model, which did not take into account the slope
angle parameter.
Limitations. The model developed is based on data from a comparatively small number of
tests and accidents. Furthermore, it is mainly based on an integral / empirical evaluation of
the available data. The overall accuracy is therefore limited to the range of the investigated
cases.
Thus, the crater debris throw model presented here may be used within the following
boundaries only:

• Weight of explosives
• Chamber loading density
• Scaled cover depth

Q ⫽ 1 t–2000 t
␥ ⫽ 1 kg / m3–300 kg / m3
C / Q1 / 3 ⱖ 0.1

If parameters exceed these ranges, special care should be taken when applying the model.
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Furthermore, the model is valid only for hard and moderately strong rock. For installations
built into weak rock, distances should be increased by approximately 15%. As a conservative
assumption, chambers / installations are assumed to be unvented.
The debris throw model presented here shall not be used to calculate maximum missile
or debris ranges.

26.3.6

Conclusions

The newly developed crater debris throw model presented here was reviewed by the NATO
AC / 258 experts as well as by U.S. Waterways Experiment Station (WES), Vicksburg, Mississippi, and Swiss experts in the explosives safety field. It will be included in the revised
NATO AASTP-1 safety manual as well as in the Swiss regulation for the storage of ammunition, TLM 75 [4, 11].
The development of the model illustrated the following points:

• It is important to learn as much as possible from accidents because they are often the only

way of obtaining data that can be used to develop more reliable models for predicting the
effects of explosions. This is especially true for effects for which simulation tests cannot
be performed with reasonable cost and for which computer simulation tools either do not
exist or are not reliable. Whenever possible, technical experts should insist on an extensive
documentation of the real hard facts in any case where debris is produced by an explosion
accident.
• Even when only limited data are available, it is often possible to develop suitable models
for most common cases by combining the available data with sound engineering judgment
and expert experience.
• When only limited data and knowledge are available, sound results can often only be
achieved by international cooperation, such as within NATO AC / 258.
• This article once more shows the importance of a free data exchange to enhance technical
knowledge in fields important for safety.
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Uusikylä / Finland
Ministry of Defence / FIN
Tuokko, Seppo
Presented at the DDESB Explosives Safety Seminar 1992, 01.08.1992
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Ae / Wä-22.10 / 471, 10.02.1972
44. Die Explosions-Katastrophe von Prüm
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LUE / TS / HM / ms
B 997-1, 01.03.1979
49. Project Sperre
Report 2, Phase I: Literature Survey–Analysis of Literature Data for Explosive Cratering Tests
in Rock
Bundesministerium der Verteidigung, Rue-III-8, Bonn / BRD
U.S. Army Corps of Engineers, Waterways Experiment Station (WES), Vicksburg / MS / USA
Davis, Landon K.; McAneny, Colin, C.
Technical Report SL-81-5, 01.07.1981
50. Project Sperre
Report 3, Phase II: Field Tests—Explosive Cratering Experiments in Granite and Sandstone
Bundesministerium der Verteidigung, Rue-III-8, Bonn / BRD
U.S. Army Engineer Waterways Experiment Station (WES), Vicksburg MS / USA
Davis, Landon K.; McAneny, Colin C.; Joachim, Charles E.
Technical Report SL-81-5 / 3, 01.07.1981, (CLASSIFIED)
51. Project Sperre
Report 5: Summary Report: Road Cratering in Rock with Preemplaced Charges
Bundesministerium der Verteidigung, Rue-III-8, Bonn / BRD
U.S. Army Corps of Engineers, Waterways Experiment Station (WES), Vicksburg / MS / USA

DEBRIS HAZARD FROM ACCIDENTAL EXPLOSIONS

26.47

Davis, Landon, K.; McAneny, Colin C.
Technical Report SL-81-5 / 5, 01.07.1981, (CLASSIFIED)
52. AC / 258 Underground Storage AHWP
Debris Throw from Craters
CH Status Report as at October 1, 1997
Defence Technology and Procurement Agency / CH
Bienz, Kummer & Partner AG
Kummer, P.
TM 158-4 / CH(ST)UG / AHWP IWP 002, 24.09.1997
53. A Reexamination of the Airblast and Debris Produced by Explosions Inside Earth-Covered
Igloos
DoD Explosives Safety Board / USA
Naval Surface Warfare Center, Silver Spring / MD
Swisdak, Michael M.
NAVSWC TR 91-102, 28.01.1991

