The Klotz Group Contribution to Expl

Jaap Weerheijm; TNO Defence, Safety & S

Robert Conway,; NAVFAC EXWC,; USA

Abstract

The Klotz Group (KG) is an international gr ou
based on two objectives: (i) to improve the Kk
the storage, processing and transport of ammur
data bases to quantify the explosion effects
al so risk anal yses

The KG meets twice a year to identify and pri
bridge the gaps using KG funds, and | everagin
progr ams The KG has been active for more th
depart ment of defense explosives safety expe
Net her |l ands, Singapor e, Sweden, Switzerl and,
KG contribution to munition safety changed ov
scale experiments dedicated to underground amil
of testing, engineering tools and advanced coc
bl ast, as well as from primary and secondary
This paper presents a description of the KG a
to explosives safety over the years and its c
Keywords: accidental explosion, ammunition sa
experimental data, computational tools and gu

I ntroduction

The Klotz Group (KG) has a | ong history and t
gui te gradually. Its origin goes back to 1966
potenti al solutions to reduce the bl ast effe
ammunition magazines. |t was proposed to use ¢
Kl otz) c¢creating a gigantic blast valve. Theor
successful Afull scaleo proof test in 1973. TI
West - Ger many, decided to continue the fruitfu
I n November 1975 the Klotz Club was born. The
the i mportance of data and knowl edge exchange

Three areas of mutual i nterest were identifie
- Explosives Quantity Distance data and pres:
of ammuniti on;
- Structur al response to both internal and e
- Ri sk Anal yses



It is interesting to note, that the original

the years, the number of participating countr
to above ground magazines. But as of 2018 the
still: (i) better wutilization of national res
expl osion phenomena, (iv) quantify the expl os
the effort of the group has al ways been on t
Knowl edge and data were provided to the NATO

thus any discussion of what i's an acceptabl e
di scussions within the Klotz Group.

The Klotz Club changed its name to the Klotz
the member nations Ger many, Nor way, t he Net h:
United Kingdom, and the United States.

I n the next two sections the current strategy
main trends in the KG-research program are gi:
the devel opments and contributions of the KG
concluded with a sketch of the aims and pl ann

KG Strategy 2018

I n the most recent Terms of Ref erfetna@c ei MipirodRy e tt

knowl edge and modeling of explosive effects,
in order to reduce risks associated with the
explosives for the military and the civilian
To achieve this objective, experts from the mi
the KG research program and discuss the progr ¢
results of accidental explosions, experimental
of explosion effects and consequences. This i
ri sk assessments of potenti al accident al expl

ammuni tion.

To structure the meetings and the KG research

- Share information from accidents, tests, a
explosion effects, and to understand the
to i mprove explosives safety;

- Discuss, plan, and execute projects of com

- Study methods to i mprove safety and to en
accidents during the storage of ammunition

- Develop tools to aid in explosives risk an
of hazard effects predictions



- ldentify gaps in the knowledge of expl os
application of explosives safety
- Serve as an international platform to coor
common interest and to provide national an
necessary for regulations
Besides the common interest, the i mportant m
research program which is funded by a yearly
given above, some task phrases are underlined
program. The projects in the program are the 1
and/ or can act as a catalyzer for national re
Initially the projects were mainly experiment
over the years, projects were defined to stu
reinforced concrete (RC) magazi nes) and to d
knowl edge of the group is integrated and can
efforts is the KG-Engineering Tool
These developments over the years are present
Hi storical Overview of KG Researc
The initial work focused on definition (1966
1975) of the Klotz design. After the Klotz de
established. The scope of the group enl arged
of underground ammunition storage. I n 1985 it
|l vdal en, Sweden. In 1986 a joint test was pi
ground shock from explosions in underground a
a"t est at the Klotz Club facility in |l vdal e
expanded to shall ow underground storage condi
bet ween the definitions of underground stor a
performed at NAWC China Lake, USA.
I n their annual meeting in 1988, where the re
was al so decided not to establish a formal rel
group. The rationale for this was to remove t
remain independent, such as definition of an
remain on technical di scussions. As the work
gathered and evaluated. In the first decade ¢
experiments and gaining reliable data. I n 19¢
calcul ations, which was the first time the
model i ng. Having al/l this new experiment al an
technical di scussion on appropriate safety di
computer (PC) software program to quantify th



after, the prediction program remained on th
underlying methods and algorithms used to qua
and storage geometry conditions into account.
al so agenda focus area of the group, and in 1
USA by providing additional i nstrumentation.
During the 19900 the underground ammunition
The possibilitles of using advanced computat:i
the bl ast phenomena in tunnel systems were e:
resulted in new | arge scale tests being progrt
possibilities of water-mitigation to mitiagat
systems Besides the primary focus area of un
ground magazines were also addressed. The bre
(RC) magazines became i mportant issues, and w
The possibilities of wusing the DISPRE2 code f
devel opments were sponsored by the Kl ot z Cl
Sout hwest Research Institute (SwRI) wunder fun
Depart ment of Defense Explosives Safety Boar
debris/ slab | aunching due to internal expl osi
shelters storing up to 5000 kg of TNT wequiva
density was Pi mihtiecdh twoa sl dkege/rmed t oo restricti
configurations that the group was investigat.i:
DI SPRE2 code, an extensive experimental progr
velocity for | arger P)o.adTlihneg Ddeebnrsiist iLeasu n(cuhp Weol o
was born and resulted in the widely used emp
product is discussed in more detailing in the
I n 1998 the functioning and the research of t
more on Atransferable outputo T engineering t
that besides gaining and sharing thorough kno
focus on methods to Abundleo, share, and tran
the group should be complementary and suppor
group. Additionall vy, the structure and organi
The name was c¢changed to Klotz Group (KG), an
appointed as official the official point of ¢
properly structure the work, which included s
to formally establish a KG research program at
position of KG Technical Chairman was establi
rel evant NATO panels was appointed who was t a
NATO activities to the KG

This organization and operational for mat IS S
main focus of the KG has been on above groun
magazines, the break-up process and the debr
knowl edge it was decided to develop the KG- EI
hazard to give input for risk analyses and qu



more detail in the highlight section. Since
related risks became paramount because of th

mi ssions. Therefore, after the KG-ET for RC m
devel op methodol ogies to be i mplemented into
types. The first structure model to be devel o
| SO-container magazi nes. Data from US-tri al
version for |1 SO containers was developed.
Currently, the KG-research program still conc
variety of ammunition magazine structure tyyg
magazines, the open stack and the earth cover e
tasks associated with developing advanced pre
by combining dedicated experiments, engineer:.
to develop and validate the engineering model
provide i mportant input to the community 1invo
Hi ghlights T Klotz Club and Klotz Gr

Devel opment Klotz closure valve 1970 [ 1]

As mentioned in the introduction, the Klotz C
and Swiss engineers in 1966 discussed the po
accident al explosions in underground ammunit.i
acting as a gigantic blast valve in order to
and experiment al studies were carried out in

Figure 1. The main working principle of the Klotz (I
underground ammunition storages (right).



I n May 1971, a fast acting, heavy c¢closing dev
conference in Germany. This Klotz consisted ¢
approxi mately 250 tonnes. I n March 1972, Swed
to carry out a full scale proof test with the

Sweden, on 23 May 1973.
Fi gursdhows t he main working principles of the
underground ammunition storage facility.

Water mitigation

Experiments had shown that explosion effects
detonating explosives. The topic came on the
scale experiments and only with bare charges
I mpul se density were reduced, as well as the
I nteresting results, but not tested at | arge
verify the usefulness of water as a mitigatio
an experiment was made with financing from t
me mber nati on at t hat ti me. The amount of e X
respectivel y. The explosive charge consi sted
the KC-tunnel i n |l vdal en. The experi ment was
which was originally done without water, such
baseline to assess the efficacy of water miti
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Figure 2. The Klotz-Club tunnel in Il vdal e
The KC-tunnel was built in 1986 and has a | en
6.3 nfThe | ayout is given in Figure 2. The donc
pallets in the middle of chamber A. The shell
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Figure 4 and Figure 5 show various test set-u

o) 200 m = 235 [kg/m?; t =30 [mm] steel
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set-up. Fully vented (left), closed t
DLV (right)

Test Slab
TestSlab  (steel or concrete) ~—
Test Slab
i Steel Box  Acceleration top 0,1 mor007 m
Mounting R

Mounting — 0,5m

Steel Box Test Box

ngUfé‘S. gef:ups to study effect of clamping,

I nteresting question in the campaign was the
|l oading versus the generated quasi static pre
closed configuration showed as an overal/l res
gas pressure 90% to the | aunch velocity. The
( 9c.hhr of the empirical DLV relation (eqg. 1) th;
O U (b— (m/ s) (1

Wi t h: 2 = I®ading density. (kg TNT/ m
dhar = the characteristic | ength, i.e., the

m = specific&@ wal/l mas s . (kg/ m

It has been proven over the years that the DI
velocity for a wide range of structures and |
that the DLV is also representative for init
section. Therefore, the DLV is also used in tI
For more information on the DLV tests and ana



RC Magazines. Kasun tests: bare charge & case
After the KC Era on explosives safety of und
broadened to above ground magazines, and espe:
hazard of debris throw. Reviewing the physics
three |l oading regi mes were identid. ehddasade
the gas pressur e, (i1) the impulsive, and (i
regi mes roughly relate to the_| oading density
kgPmrespectively.
I n the shock overloading regime | ocal failure
pressure |l evels in the severe shock | oading
compressive strength resulting in breaching a
duration is on the order of 1071100 mi*kobposaton
small scaled disthdnces, Z (Z < 0.4 m/kg
When the structure survives the initial shock
the response time of the structure or structu
Wave phenomena occur, not at a "continuum | e\
Bending and shear waves occur. In these high
| eading to shear failure. The | argest stressece
means that Sshear failure is mo s t Il i kely to
concentrated | oads. In this failure mode the
originated from the failure zone. Due to the
fractured"” and break-up in smaller pieces dur
failure mode is dominant _for thé Iwhadiengt hdee nss
di stances is on the¢ order of Z=0.4 - 1 m/l kg
pitelt
i | \\ "“""“zﬁ""" ’ /
paase Emis Ry
| l - & N
| g
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lamposite Shock Blastimpuise ~ )
cyerloading ovecleading Gaspressure oserloading
Figure 6. The three overloading regimes for
When the composite shock | oading of the expl osi
modes were insufficient to cause shear failure
structure. The gas pressure is a quasi-static |
the response. The | oad amplitude is on the orde
of 10®- mska this failure mode the wave phenomena
is directly related to the | oading densli tkyg/ M hi
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Of cour se, at some very | 9Ywalnadaditmgcdamei ttypl
the structure is not overwhel med and someone
i nterest of this research area and thus not e

The main focus of the KG-rese®l3rabh bBausdebeéenwohnl

test series. From the DLV concrete slab tests
timing of complete break-up and i f there is a
vel ocity. To study these aspects in more det e
clamped on an explosion box while the respons
strain gauge recordings. The sl abs had a span
the |l oading densities realized 3widgdesfidlgl@nan
7.

mirror

a ‘high speed camera

Concreteslab - oty pient

S

Figure 7. I nstrumented break-up test

These tests clearly showed that the slab is | ¢
at a | ater stage. I n the tests this occurred
concluded that the DLV relation, derived for
|l aunch condition(see sections on DLV and the
The KG used the small, but full scale Kasun R
systematically at wvarious |l oading densities f
because most (|l arge scale) explosion tests ar
di stance guidelines are mainly based on bare
wor k, computational studies were performed toc
geometries and test conditions. The results h

and are also direct input and reference for Ri
on the KG-ET methodol ogy, validation efforts,
KG reports and publications on | SIEMS and MA
summary i s given.

The KG selected the Kasun magazine for the be

i n use in Norway and Sweden for storage of sm
a cubic shape with intewinhh|l adwméhsiaons rofof 2x 2
and is made of concrete B35. The walls and ro
concrete cover of 25 mm f or the outside surfe
surfaces. The rebar diameter is 12 mm and

t he
The structure and charge | ay-out for the 2008

10



performed tested and analysé&srobn!tRefé&stenaeds
found.

34 HH ‘LE?‘-’
m-’:E Ty :
Figure 8. Exterior of the KAS
Tabl e 1. Test and simulation matrix KASUN test s
Charge ftype Chatrgde RWOIBght SSimmd lad tejad
[ kg ° 20 2014/
1 b 6. Y Y Y
4 b 27 Y Y
16 | 11 Y Y Y
1-155 6 . Y Y
4-155 27 Y Y
1-155 11 Y Y
1121 6 . Y
4121 26 Y
1-121 104 Y
The debris data collection in the Kasun test
agreed standard. A | arge data base on debris |
established Besides the debris data coll ecti
i nformation on the initial structur al respons
N
l' X 1 +---
J 'L"'I 'i r
t = 1.7 ms t = 2.5 ms t

11



Figure 9. Frames HS recordings of Kasun tests 16 charg

Fi garehows some initial HS frames il lustratincg
charges. I nitial venting occurs sooner for th
generates a more pronounced |l ocal failure mod
A three step procedure was devel oped for the
from the generated blast and fragment | oading
conditions of the debris [12,13,14]. The thre
e e e o topei Ly
resulting in pre§srq)‘rfe—ht‘ikme histories
\ Fragar:(;ar;tr(i)r;t);lses Bare charge  Cased charge
Pressure
impulses
Figure 10. The three step KG modelling approach to an
debris |l aunch conditions.

The first step models the detonation of the ¢
bet ween the fragments from multiple charges/ s
explicitly modeling in order to quantify the |
of the magazine. I n order to predict t he gence
structur al failure has been taken into accou
devel oped to predict the tempor al and spati al
and fragment | oading were combined in the thi
complete failure in order to predict the | aun
debris

The developed procedure and the applied numer
| oading and break-up process in detail, such t
for other geometries, ammunitions and asymmet
studies revealed that besides fragment | mpact
out dictates the |l aunch angle, since it affec

Summari zing the results of the KG experimenta
- extensive data base on debris mass distri
|l oading density;

12



- the gas pressure and i mpul sive overloading
- the DLV prediction proved t be valid for
- casing reduces the effecti charge weigh
Consequently, the external debris throw pa
geometry and ammunition | ayout

The Klotz Group Engineering Tool (KG- ET)
The KG is developing and continually i mprovin
of debris throw. The tool iI's based on state o
trial s, and numeri cal Ssimulations of internal
generated.
The KG-ET aims to capture the chain of events
structur e, (i1) donor break-up and debris | a
condition on the acceptor (structure or per s
requires multiple simplifications and assumpt
the broad and thorough expertise of the membe
The long term goal i's to develop models for
magazines and bul k storage of bare as well as
are the (i) RC- magazine, (i) he | SO cont ai
covered magazine (ECM) and (v) the masonry m
addressed the RC magazine and he 1 SO cont ai
possible, the KG analyzed the available dat a
conducted additional tests to 'l in the kno
The devel opment of the KG-ET started about 1°F
data, the possibilities to quantify and captu
prediction of the debris | aunch conditions r €
forward was to derive relations for mass di st
of the | oading density and may other pre-def.i

Bin number Bin mass [kg] Middle mass [kg]

1 > 24494 35"

2 9.752 -24 494 : 55

3 4.309 - 9.752 7.03

4 1.814 - 4309 3.06

5 0.771-1814 1.29

6 0.272-0.771 0.52

T 0.136-0272 020

8 0.054 - 0.136 0.10

9 0.023 - 0.054 0.039

10 0.011-0.023 0.017

G <0.011 Not relevant

* Value assumed in absence of top value

Figure 11 Il lTustration of source term theorem Ta

13



I n order to enable the coverage of the wide r
term theorem was adopted to describe and repr.
ET. All the information of the initial | aunch
with the spatial di stribution given in functd.i
Figure 11.

The debris mass distribution is represented i
mass bin distribution was adopted, see Tabl e

initial | agdnc Wiuwel ddiitsy i(ndM or mati on the debris
to predict the trajectory and the impact <cond
on a defined target ( ES, exposed site). The
combined with a user interface. The structure
Figure 12. Organi zation scheme KG-ET 3. 0. Figure 13.
The structure is such that for each type of

dedicated to the specific properties and ¢che
magazine and | SO container kernel have been f
an fAarbitrary magazineo has been i mplemented

kernels are combined with the generic modul es
i nput and output processes. This fAfree form s
to produce a debris throw prediction model f
i nformation is known and sufficiently validat
has spent many years validating the underl yin
the Afree form source functiono all ows a wuse:!
existing KG-ET models (e.g., an |1 SO container
The most appropriate way to validate the res

predictions against test data that was not u:¢
Figure 14 shows the debris field generate by -
fragmenting explosive in a 9x9x3.4 m RC op
t ne

S r
was consistent wi t h he mass <c¢cl asses defi

e
d

14



basic user input of the KG-ET. The input reql
calcul ations generated at run-time based on t
mode, where various hard-wired parameters can
|l aunch angle of a specific mass could be chan
generated by extensive empirical and anal ysis
Finally, Figure 16 shows the debris density pl
The output interface allows the results to be
generated is available in a tabular format as
di stance and angl e, and the debris included i
function of mass <c¢class or impact Kkinetic ener
detailed hit information is provided for that
Figure 14. KG-ET 3. 0; select magazine type Figu

Figure 16. Screenshot debris density pl c

15



The current model s of the RC magazine and | S
work by the Klotz Group. They are based on e
information is | imited. The models for mass ¢
implicitly tied to the information availabl e
applicability. The range of applicability is
storage structures of those types, but care m
with the KG-ET is within that range of applic
Summary KG ET:
The extensive work and research performed by
devel opment of an engineering tool (KG-ET) fo
on state of the art knowledge, and availabl e
from a number of trials.
With the help of this data, relations have be
mass, velocity and | aunch direction, as a fun
trajectory calculations and the source functi
the debris effects. These explosion effects a
conseqguence assessment and risk prediction to
safety quantity distance.
The current focus for enhancement of the KG-E
function. This work is two-fold, as the hazar
in an | SO container needs to be developed, bu
have on the source functions of the RC magaz
Concluding remarks
The Klotz Group, and its predecessor s, have r
safety community for over five decades. The m
focus has remai ned on technical solutions f
understanding of explosion effects. Pursuit o
resulted in state of the art research progra
knowl edge base of debris throw prediction.
The current organizational structure and coop
focus remains solely on technical i ssues. T h e
participants are equally important to have su
to fill]l the gaps and realize |l inks between t
integrator of extensive expertise and compreh
explosives safety distances and supporting gt
available to persons supporting the Departmen
KG visibility in the NATO community and the n
The future plans of the Klotz Group are

16



A Devel op the KG-ET source function for pt
data; quantify stack effects for the mo

A Develop the KG-ET ECM source function

A Bal ance between testing, engineering mo
further the KG-ET dedicated to the need
Ri sk anal ysi s
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