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Abstract

~Some close-in detonation tests conducted in
the FRG are described and methods to deter-
mine the loading caused by blast and frag-
mentation are mentioned. After establishing
the load the local damage effects are ex-
plained theoretically. The problem of de-
termining the blast load caused by cased
cylimdrical charges as well as the ques-
tiom of pressure waves caused by fragmen-
tation is mentiomed. Fimally the questioa
of scaling fragmentatiom effects is con-
sidered,

Yo Introduction

Late in 1981 amnd in summer 1932 Federal
Armed Forces Office for Studies and Exer-
cises - Special Iamfrastructure Tesks Divi-
sion - did some experimental work concer-
ning upgradiag of umderreimforced coacrete
walls of semihardemed structures agains: a
given threat (Ref. S amd 6). This test se-
ries seems to be a good experimental base-
line for the subject I am goimg to deal
with. However, I am mot goimg to talk asbout
the differeat upgrading systems we tested
and we fimally recommmmnded. This cam be
taken from the referemces giveas above. But
what makes this series so importaat for us
is the fact that we have been forced to
identify the damage mechanism agaiast which
we tried to provide protectiom. Thus, I am
going to preseat the tests performed om walls
without upgradimg omly, totalliag 6 shots
out of about 25. 5 of those 6 shots were
scaled tests and 4 of the 6 shots were com-
ducted with a cased weapaon.

Ome of the structures which was tested is
showa in Fig. 1. The clear height of the
wall was 1.75 m. The percentage of the ver-
tical reinforcement was 0.085% for walls No.
3 and 4 amd 0.17% for walls No._1 aad 2 with
s stgel quality of 500/550 N/um® and 420/500
N/un“ respectively, accordimg to Germaam
Standards. The concrete compressive streagth
was about 25N/me? for the firet test aad
4LON/uw2 for the other tests.
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2. Brief Descriptiomn of the Tests

Fig. 2 shows a test with 26.6 kg Ch. Using an
equivaleat weight factor of 1.3 the scaled
distance was O.46m/kg?/3. As it can be seen
the wall was breached over an area of about
1.5 m width amd 60 cm height. The first
spalling layer was about 10 to 12 cm thick.

Fig. 3 shows another test with am uncased
weapon. In this case 30 kg TNT were used. This
results in a scaled distance of 0.48m/kg?/3.
Besides a scabbing crater om the outside and
some gmaller cracks om the inside no further
damage was observed.

Fig. 4 shows a test with a cased weapon. In
this case the charge weight was the same as in
test No. 2. The difference in result is sigmi-
ficart. However, it should be considered that
the casing had a square cross sectiom. The
wall was breached over aa area of sbout 2.10 =
width and 60 cm height.

Fig. 5 shows a test similar to test No. 3.
However, in this case the casing had a circu-
lar cross section and the explosive conmisted
of 26.6. kg PETN. Using an equivalemt weight
factor of 1.3 the scaled distance was the same
as in shot No. 1. The wall was also breached.
The reason for not obtaining a clearly locali-
zed breach might be that the wall acted like a
cantelever because of the fact that the en-
tramce opening was a weak point im the load-
bearing system. The spalling layer had a
thickness of about 10 cm.

Fig. 6 shows the result of the same test with
a smaller weapon. The charge weight was 5.5 kg
PETN. With this the scaled distance became
about 0.46 m/kg1/3. The damage was a limited
spall down to a depth of about 15 cm. The
spalling layers had a thiekness of about 7 cm.
The area of damage was about 60 cm wide amd

40 cm high.

Fig. 7 shows the result of a full scale tesgt
with a MK83. The charge weight was 202 kg
Tritomal which results in a scaled distamce -
usiag 1.0 as equivaleat weight factor - of
about 0.51 m/kg'/3. The damage was a limited
spall dowm to a depth of about 10 cm within
an area of about 2.5 m by 40 cm.
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Table 1 gives a summary of the test data.

As all tests showed more local effects than
overall reaction 1 am going to deal with the
local damage omly.

3. Theories
1.1 Loading of the Wall

A comparison of tests No. 2 and No. 3 (though
with a square casing) aad No. 4 provea that
the contribution to the total load applied
to the wall by fragmentation camnot be neg-
lected. Changing one parameter only - i.e,
addiag & case - the damage to the wall in-
creases from almost no damage om the ingide
to a total breach of the wall.

The same fact was also determined in Ref. 2,
Fig. 8 shows & summary of the work which was
done for that report and shows a comparisoa
0of the extemt of damage for casel and unca-
sed charges. Using this graph there is a
fairly good agreement with the results. On-
1y the full-scale test (No. 6) snd the test
using C4 (No. 1) do mot match, Test No. 6
should have yielded a breach instead of
spalling. However, the deviation is not too
drastic. The result of test No. 1 does not
match at all. According to the graph the
result should have been spalling only; in-
stead we got a breach.

It should be noted that this graph is stric-
tly based on test results and thus certain
livitations have to be observed. No varia-
tion of e.g. concrete quality, percentage

of reiaforcesment, casing thickness etc. is
considered. However, the tendency of an in-
creased danage whean having fragmentation is
also shown by this graph.

Thus, the conclusion is that for further
calculations a combined loading cauged by
blast as well as by fragmentation has to be
considered.

3,2 Pressure-Time History for a Cylimdrical
Charge

Due to the lack of reliable data to calculate
the pressure-time history for cylindrical
charges one has to use other procedures. One
possibility might be to use the graphs for
hemispherical charges - e.g. Ref. 7 - which
give fairly good results. However, as it will
be shown later on it ig important to have a
good description of the pressure with res-
pect to the time.

An extended research work concerning this
topic was performed in Germany and is des-
cribed in Ref. 8. However, some of the con-
clucions - especially the recommended tables-
are partially misleading. Therefore they have
to be revigsed which will be done within the
next couple of months. In addition to this
some work will be done to compare cased and
uncased cylindrical charges.

As there is no further theoretical or expe-
rimental work available to my kmowledge, one
has to rely on these experimental data. How-
ever, very little data are available for the
weapon/structure configuration considered inm

thie paper, i.e. a scaled distance of about
0.5 m/kg!/3 (1.0ft/107/3),

The problem of measuring data within this
range ig that we are still in the region of
the fire ball and in addition - if fragmenta-
tion is involved - very heavy damage is to be
expected especially to the gages directly
opposite the charge on the wall.

Because of all those difficulties I am goiag
to use a modified experimental pressure-time
history using a free field meagurement and
multiplying it by the reflection factor re-
commended in Ref. 7.

A summary of all pressure data used for fur-
ther consideration is givea in Fig. 9. Ref. 3
showe that there is almost no difference bet-
ween an exponential and a triamgular type of
pressure distribution if spalling is concer-
ned. Thus, for further calculations the triaa-
gular pressure pulse - as shown in Fig. § with
dotted lines - is used.

3.3 Load by Fragmentation

In addition to the blast load the fragmenta-
tiom contributes a considerable portiom to
the total load applied to the wall. The most
appropriate way availsble at this time to cal-
culate this load seems to be the one described
in Ref. 1 which is supposed to be a revisged
versiom of the corresponding chapters im Ref.
7. However, some research work is under pro-
gress in Germary to investigate the loading
caused by fragmentatiom. But, because it is
very difficult to find an ansver due to the
influence of statistical effects amd the
question of scaling fragmentatiom this investi-
gation may very well take a lomg time.
Thus, using Ref. 1 we can calculate the gemeral
fragmentation parameters like

fragmentation distribution,

total mumber of primary fragmeats,

initial veloeity,

area of impact assuming a certaim amgle of

propagation.
After that the fragmeats are grouped accordimg
to their weight. For each group we cam calcu-
late

average fragment weight,

impact velocity,

arrival time,

number of fragmemts hitting the area consi-

dered,

penetration depth,

duration of penetration assuming that the

fragment is decelerated linearly from its

impact velocity at the surface to zero at a

calculated penetration depth,

pressure applied to the construction member

resulting from the penetration.
Summarizing all fragmentation groups one gets
& pressure-time history caused by fragmentation
only.
We have been using a computer program for the
procedure described above. So we got a repre-
sentative pressure-tize history as shown in
Fig. 10.
It should be considered that this load is
strictly based on theoretical comsiderationms



and that it represents a statistical average.
However, at the present time it seems to be
the most appropriate way to solve the problem,
though it needs to be verified by experimental
work.

3.4 Combined Impulse

The combined pressure-time histories for tests
No. 4, 5, and 6 are shown in Fig. 11 and give
a general view comparing both pressure pul-
ses.

In any case the blast load hits the structure
first. Thus, as it will be shown later on the
fragments are hitting a possibly weakened
structural member.

It can also be seen that the load caused by
fragmentation is heavily dependent on the
standoff distance. Though in all three tests
considered in this chapter the scaled dis-
tance - and with this the peak blast pres-
sure - is the same, the pressure peak as well
a8 the arrival time and the duration of the
pressure pulse caused by fragmentation vary
considerably. Ref. 4 gives some parameters
for scaling the penetration processes. Ob-
viously in this case some of the boundary
conditions are violated. Certainly the shape
and weight of the fragments vary as well as
the impact velocity.

More research work has to be done to investi-
gate the problem of scaling the loadimg cau-
sed by fragmentation.

3.5 Spalling Mechanism

The most common theoretical solution for cal-
culating spalling effects is described e.g.
in Ref. 3. The principles of the calcula-
tions are to reflect the pressure wave after
letting it travel through the structural mem-
bert to the free in=er surface. The magnitude
of this reflected wave - a tensile wave -
might be sufficieant to produce fractures near
the surface. Ref. 3 gives a praphical method
of solution as well as an anlytical one. For
a combined blast-fragmemtation impuls it
might be more appropriate to use the graphical
one.

However, some assumptions have to be made to
simplify the calculation. At first, at the
free surface normal reflection will be con-
sidered only. Second, a change of the dura-
tion of the pressure wave will be neglected.
Third, a certain attemuatiom will be con-
sidered which is assumed to be about 10% due
to material properties and geometrical confi-
gurations.

To calculate the thickness of the spalling
layer as well as the spalling velocity it is
necessary to kmow the temsile streamgth of the
material of the structural member. As the tests
dealt with in this paper were comducted
against concrete targets the dymamic temsile
strength of comcrete has to be determined.
This is a difficult problem because of the
fact that comcrete is a very imhomogemous ma-
terial. Though there is a procedure to deter-
mime the comcrete temsile stremgth the results
are at least questiomable.

Thus, one commonly assumes a static tenmsile
strength of about 10% of the compressive
strength. As shown in Fig. 12 - taken from
Ref. 9 - the dynamic compressive strength is
dependent on the loading rate. For these tests
one has to assume a pressure rise time which
will be in the range of about 0.05 msec. Thus,
based on a pesk pressure of about 400 bar =
5690 psi the rate of stress is about 108. With
this, we are outside the range given in the
graph and one has to extrapolate. The increase
of the static tensile strength will be about
350%. With this the tensile strength becomes

§, = 0.1 250 - 3.5 = 87.5kp/cn>
for test No. 1 and
g, = 0.1 - 500 - 3.5 = 175kp/ca’

for tests No. 2 to 6.

However, by calculating the spalling effects
one has to observe that the limit velocity of
the concrete is not exceeded. The amount of
this limit velocity is about 15 m/sec. If this
value is exceeded the comcrete will be blown
out and a breach will be the result.

b, Application of the Theory

Assuming a triangular pressure distribution
within the wall as memtioned above one gets

the pressure wave/structure configuration as
shown in Fig. 13 e.g. for test No. 4. As can

be seen, the damage mechanism caused by the
blast wave takes place first and after that

the pressure wave caused by fragmentation hits
a weakened wall. This fact explains the in-
crease of damage by cased charges. To calcu-
late the dimensions of the pressure wave, i.e.
expecially the length, a seismic velocity for
concrete of about 3400 m/sec was assumed.

With the formulas given in Ref. 3 one can
easily calculate the thickness of the spalling
layers as well as their velocities. Because of
the fact that the rise time for the pressure
waves is assumed to be zero the thickness of
the different spalling layers is equal and the
velocity decreases by a fixed amount for each
layer. Table 2 gives a general view of all
tests calculated. The results agree fairly

well with the test results. However, in mo

case the calculated spalling velocity exceeds
the limit velocity as mentioned above.

This table also shows that scaling of fragmen-
tation effects is very questionable. Though all
tests were conducted usimg the same scaled
distance the peak load as well as the effect of
the fragmentatiom varied considerably.

In a final step we have several possibilities
for calculating the damage process going on. A
most appropriate way is to consider the inside
wall reimforcement actimg as a membrane almost
like a spall plate. However, ome main problem
in considering a membrame type reaction of the
reinforcement is that we have to assume a suffi
cient embedment length. This might be very
questionable especially as in the tests dealt
with ia this paper the weapoan vas placed at the
footimg of the wall which appareatly might be a
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weak paint im the structural design.
Unfortunately the time does mot allow to go
into mere detail concerming this calculation
procedure.

5. Conclusion and Recommendations

To my knowledge there is at present no better
way of theoretically solving the problem of a
close distance detomation.

However, because this is a very common threat
configuration in standard soavemtiemal wea-
pons effects design much mewe reasearch -
theoretically and experimentally -~ should be
performed to get a better knowledge im this
area. Some work is under way e.g. within the
US Air Force supported by the US Army Water-
wvays Experiment Statiom and we will have some
more tests within the next year in Germany.

However, it should be mentioned that, though
the tests described in this paper, produced
considerable damage in some cases, we found

a very easy-to-coastruct and cheap method to
upgrade the wall by means of berms or con-
crete slabs. The main objectives of those up-
grading systems is to cut the peak of the
blaat pressure and prevent the fragments from
hitting the wall by means of an elastic and
compreasible design.
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wall No &

Test No |weight of | type of egaivalent cased / | thicknees | diameter scaled vertical concrete
explosive |explosive |weight factor | uncased of casing | of casing | distance |reinforcement | compress,
strength
172
kg mm mm n/kg % "/“2
1 26.6 ch 1.3 uncased - - 0.46 0.085 25
2 30 TNT 1.0 uncased - - O.L8 0.1? 50
3 30 TNT 1.0 cased 6 230 0.48 .17 50
square
4 26.6 PETN 1.3 cased 6 200 0.46 0.085 50
> 5.5 PETN 1.3 cased 5 105 LR 0.085 50
6 202 Tritonal 1.0 cased 9 360 0.51 0.3 50
about
Table 1: Summary of testdata
CuGeP time of assumed thickness of epalling velocity
Test *?*%a0 arrival duration spalling layer 1. layer
No blast |fragmen-| blast |fragmen-| blast fragmen-| blast | fragmen-| blast fragmen=
tation tation tation tation tation
bar bar msec msec msec maec cm cm m/sec | m/sec
1 234 - 0.55 - 0.075 - ha77 - k39 -
2 - - - - - - - - - -
3 277 - .75 - 0.175 - 18,78 - 4,38 =
4 360 396 O.4 0.8 0.2 d.15 16.53 | 11.27 6.29 7.2
5 360 495 0.25 | 0.5 0.15 0.13 | 12.40 | 7.81 6.29 | 9.4
6 360 288 0.8 1.4 0.5 0.3 41,32 | 30.99 6.29 4e63
Table 2: Calculation results for spalling effects
wall No *
wall lio 2
wall io 1
Fig 1:

Fxample for Modelstructure

(used in Test No 2 to 5)
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Test NoS - outside damage

Test No6 - outside damage

Figéb  Test No5S - inside damage

Fig 7b

Test No6 - inside damage
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Damage Clascsification

(accoriing Ref, 2)

r = stand off distance (m)
t = wall thickness (m)
w = charge weight (kg)
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