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This paper reports the results of an experimental investigation into the response of “shallow V shape” plates, as an

alternative to conventional V plates. Air-blast loading experiments were performed on scaled “shallow V” plate configurations

via the detonation of plastic explosive in close proximity to the structure. The results show that shallow V plates can

provide a 5-32 % reduction in impulse transfer when compared to flat plates. The 90°/25 % cut off ratio “shallow V” plates

provided the best impulse transfer reduction characteristics. However, the vertical height of the 90°/25 % shallow V plate

design is greater than the vertical height of thel120° V plate providing a similar impulse reduction. This means that the

“shallow V” plate would raise the centre of mass of a vehicle. The shallow V plates also exhibited higher displacements than

their equivalent flat plates, which is undesirable.
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1. Introduction

Landmines are an ever present threat in many parts
of the world, a legacy of the conflicts that have
plagued mankind for millennia. The worst affected
regions are the Middle-East, Asia and Africa [1].
Landmines are categorised according to their size and
intended targets — the anti-personnel (AP) mines are
typically equivalent to 100-200 g TNT explosive and
intended to injure people, whereas the anti-vehicle
(AV) mine is usually several kilogrammes (typically
7-12kg) of TNT equivalent explosive and intended to
damage or immobilise vehicles (such as tanks).
Landmines are passive and indiscriminate weapons,
often causing injury to civilians rather than the originally
intended targets.

Many countries are attempting to keep peace
or clear landmines in some of these affected areas
and this is a hazardous task requiring well protected
transport for those involved. Despite the removal of
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over 3.1 million mines over the past decade, there
were still more than 4000 casualties caused by
landmines and the explosive remnants of war in
2011 [1]. In addition to mines deployed in past conflict,
defence and peace keeping forces also need to
protect their vehicles from future landmine usage. For
example, it is reported that several countries are
estimated to hold huge stockpiles of landmines,
including China (110 million), Russia (24.5 million),
Pakistan (6 million) and India (4 to 5 million) [1].

South Africa was a leader in the design of
landmine protected vehicles for much of the latter
half of the previous century. The major innovation
was the V-shaped hull [2], which was found to reduce
the injury to vehicle occupants during a landmine
explosion. An example of a landmine protected vehicle
with a V shaped hull is the Casspir [2-3]. The lower
injury rates from explosions involving the Casspir have
contributed to its success over a number of decades.



696

G S Langdon et al.

When subjected to an air blast, a structure could
deflect some or all of the blast pressure whilst
deforming, or undergo rupture due to tearing or
shearing. The response of flat plates subjected to
air-blast loading has been widely reported and can be
predicted with reasonable confidence provided rupture
does not occur [4-8]. When the blast pressure acts
transversely to the plate (that is, “head-on” with the
structure) it is assumed that the structure deflects an
insignificant amount of the blast pressure [4-8]. The
structural response is, therefore, a result of the full
blast load intensity.

The protective benefits of the V shape are
primarily due to the reduced impulse transfer to the
vehicle. When an explosion occurs directly beneath a
conventional V-shaped hull, it impinges at an oblique
angle, as shown in the schematic in Fig. 1, and the
pressure is deflected along the V-profile. A portion
of the deflected pressure has a horizontal component
which effectively reduces the global impulse transfer
to the vehicle when compared to a flat hull. As the
internal angle of the V-shape decreases, greater
proportions of the incident blast wave are deflected
horizontally, resulting in lower impulse transfer [9-13].

Very small scale experiments reported by
Genson [9] and Benedetti [ 10] examined the mitigation
effects of “V” shaped hulls to buried charges. The
internal angles ranged from 140° to 180°, with
stand-off distance between zeroand 38mm and depth
of burial ranging from 1 mm to 12.7 mm. Analysis of
high speed digital camera footage was used to estimate
the imparted impulse, and it was reported that the
impulse was reduced by up to 45%. For a given stand-
off distance and depth of burial, there was “an angle

Fig. 1: Schematics showing the interaction of blast waves
with structures

beyond which there was no reduction in total impulse
applied to the plate over the range of variables
investigated” although the value of this angle was not
stated with any clarity [9]. Benedetti [10] carried out
similar experiments to investigate the response of the
floorboard to blast loading. Foam fillers were placed
between the hull and the floorboard but did not improve
the performance of the design, when using the
calculated floorboard acceleration as the performance
measure [10]. Anderson et al. [11] reported buried
charge blast experiments on welded “V” shape plates
with internal angles of 90° and 120°. Lower
momentum was transferred to the 90° V shaped
plates [11].

Nurick and Lockley [12] reported results from
air-blast experiments on conventional V shape plates
with internal angles ranging from 60° to 180°,
incremented in 30° intervals. Lower impulses were
measured, using a ballistic pendulum, when the
internal angle was decreased.

Yuen et al. [13] reported the results from
experimental and numerical investigations into the
response of ‘V’ shape plate structures to localised
air-blast loading. The test specimens were
manufactured from 2mm thick Domex steel plating
and were bent to a V-shape, with internal angles
ranging from 60° to 180° (flat) plates [13]. The plate
sizes and test parameters were scaled from the
Casspir vehicle dimensions and typical landmine
threats. The air-blast loading was generated by
detonating discs of PE4 plastic explosive at short
stand-off distances (18-50mm). Charge mass, stand-
off distance and included angle were varied. Trends
of increasing mid-point deflection with increasing mass
of explosive and with decreasing stand-off distance
were observed [13]. Tests on V shape plates with
lower internal angles resulted in lower imparted
impulses and the plates exhibited lower deflections,
for the same loading condition [13].

The V-shape design, while beneficial for
landmine blast protection, has implications for the
overall vehicle performance. A vehicle with a V-
shaped hull will have a higher crew compartment and
hence a higher centre of mass. This results in a greater
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battlefield silhouette and reduced mobility. Alternatives
to the conventional V-shape hull that lower the centre
of mass yet still provide adequate protection would
be attractive options for vehicle manufacturers, and
concepts such as shallow V-shapes and multi-layered
protective systems are being introduced into some of
the modern vehicles such as the Boxer multi-role
armoured vehicle [14].

This paper presents the results of an
experimental investigation into the response of
“shallow V” shaped plates subjected to localised air-
blast loading. The behaviour of several “shallow V”
plate configurations is investigated and the results
compared to the response of flat plates under the same
loading conditions.

2. Experimental Methods
2.1 Test Specimens

The “shallow V” plate specimens were manufactured
from 2 mm thick folder Domex 700 steel plate, for
consistency with Yuen et al. [13]. The “shallow V”
designs were produced by modifying the conventional
V plate specimens used by Yuen et al. [13] by
reducing the height of the V by 25%, 50% or 75% of
the original height. This percentage is referred to as
the cut-off ratio and is defined, for the case of a 60°
internal angle, in the schematic in Fig. 2. Five “shallow
V” plate designs were tested, as indicated in Table 1
and shown schematically in Fig. 3 (along with a sixth
configuration which is the flat plate design). The
nomenclature identifying each configuration is also
given in Table 1. All specimens had a projected area
of 300 mm by 300 mm.

Table 1: Test specimen design information and shorthand
designations

Designation 60/50 60/75 90/25 90/50 120/50 180

Original V plate 60 60 90 90 120 flat

internal angle (°)
Cut-off ratio (%) 50 75 25 50 50 -

Width of flat central 143 216 67 141
region (mm)

148 300

Vertical Height (mm) 132 67 115 77 43 0

Fig. 2: Definition of cut-off ratio, shown here for the 60°
internal angle V plate. The darker line indicates the
profile of a “shallow V” plate with a 50 % cut-off
ratio

Fig. 3: S chematics shown the five shallow V plate specimens
and the flat plate benchmark (where A = 60° / 50 %, B
= 60°/75 %, C = 90°/25 %, D = 90°/50 %, E = 120°/50 %,
F = flat plate, 180°)

2.2 Material Characterisation

The quasi-static material properties of Domex 700
high strength steel were determined by performing
uni-axial tensile tests on a Zwick/Roell 1484 Tensile
Tester. Uni-axial “dog-bone” tensile specimens were
cut from the same sheets of metal used to manufacture
the V-shaped plates. Tests were performed at an
engineering strain rate of 7 x 10~ s!. The yield stress
was 723+24 MPa, similar to that obtained by Yuen et
al. [13].

2.3 Blast Tests

The test specimens were clamped along two edges,
as shown in Fig. 4, and mounted to a ballistic pendulum.
Air-blast loading was generated by detonating
38mm diameter PE4 plastic explosive disks at
stand-off distances ranging from 40mm to 100 mm.
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Table 2: Summary of the air-blast test results

Angle Cutoff SOD  Charge Impulse Permanent

(@) ratio (mm) mass (Ns) mid-point
(%) (2 displacement
(mm)
12 21.49 22.41
15 24.93 27.22
19 32.59 40.77
50 50 19 32.59 38.23
22 37.47 40.38
25 40.26 42.69
29 44.44 0
60 34 19 34.65 0
12 23.52 21.52
15 29.08 24.37
75 50 19 65.34 31.79
22 38.13 35.35
25 42.31 39.92
29 48.59 0
34 19 30.48 0
Fig. 4: Sch ic of blast t howing th 12 2075 2584
ig. 4: Schematic o ast test arrangement, showing the 15 2422 33.64
polystyrene bridge for explosive location and the
clamping along two edges 25 50 19 30.48 38.53
22 34.66 39.54
25 38.14 43.7
. . . 29 44.42 46.27
The disks were positioned centrally with respect to 20 2o 123 5
tl'le .test specimens by using a pf)lystyrene bridge, 50 > I 33.16
similar to that used in other testing [13, 15-16] as 15 26.99 26.8
illustrated in Fig. 4. The stand-off distance is defined 19 34.65 36.09
. . 90 25 50 19 36.04 37.2
as the distance between the face of the explosive . 37.43 3849
charge and the flat section of the test specimen. An 25 43.25 43.23
electrical detonator is used to detonate the PE4 disk 29 38.13 45.43
from the rear, generating a blast wave that impinges 60 29 43.71 41.12
on the plates 70 29 42.3 40.82
p ) 80 29 42.3 31.69
. . . .. 90 29 41.6 30.37
Different exp.loswe loading condlltlons were 100 29 4021 2782
generated by varying the stand-off distance and
- . 120 50 40 29 48.59 0
charge mass, similarly to past experimental work by
. 50 12 23.5 25.99
Nugck et al. [3—.5, 13, 15—1.6]. The charge mftss was 1s 20.76 28 81
varied by changing the height of the PE4 disk and 19 37.41 39
keeping the diameter constant. The bridge 22 40.19 39.31
. . 25 43.23 0
construction ensures ther.e is no polystyre?ne between 55 45.07 0
the charge and the specimen. The amplitude of the 29 52.74 50.57
swing of the pendulum is recorded and used to 60 29 44.38 43.38
determine the initial velocity of the pendulum following 70 29 45.77 23.53
. . . 80 29 44.38 34.54
detonation and the imparted impulse. 90 29 145.07 39 64
100 29 45.75 33.54
3. Blast Test Results 15 33,91 28 5
The results from a total of 50 air-blast tests are 180 Flat plates 50 22 45.05 37.83
29 55.6 42.69

reported in Table 2. Photographs of selected blast
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(a) 60° /75 % plate, 25 g PE4, 50 mm SOD

(b) Cross-sections of 120° / 50 % plates tested at a 50 mm
stand-off distance

(c) 60° / 50 % plate, 19g PE4, 50 mm SOD

(d) 90° / 25 % plate, 29g PE4, 50 mm SOD

Fig. 5: Photographs of selected test plates, showing large
inelastic deformation and tearing failures

loaded plates of various configurations are shown in
Fig. 5. The deformation of the flat plate (180° internal
angle) was typical of that for plates subjected to
localised blast loading, with a centrally positioned*‘inner
dome”atop a global dome. The majority of the shallow
V plates exhibited large plastic deformation, most of
which was concentrated in the flat portion of the
plates. This is evident in the photographs shown in
Figs. 5a and 5b. At higher impulses, material thinning
and tearing were initiated in the central portion of the
plates, in the region of the maximum deflection as
shown in Figs. 5c and 5d. As impulse was increased
further, plates exhibited capping and petalling failures
in the central region.

4. Discussion of Results
4.1 Impulse Transfer

One of the important requirements of a V-hull
replacement is to reduce the impulse transferred to
the vehicle. The percentage decrease in impulse
transfer to the pendulum was calculated using the
impulse results presented in Table 2. The flat plate
(180°) impulses were used as a benchmark, and only
tests at a 50 mm stand-off distance were compared.
The percentage decreases in impulse transfer are
shown per configuration in the column graph presented
in Fig. 6, for the three charge masses common to all
plate configurations. In all cases, the impulse transfer
was reduced by the shallow V plate designs, with
reductions between 5% and 32 %. For the three
charge masses considered, the 120°/50 % plate
exhibited the lowest impulse reductions, with decreases
between 5% and 12 %. The 60°/75 % configuration
was similar, with decreases averaging 14%, although
it was more consistent than the 120°/50 % design.
The 90°/50 % configuration exhibited inconsistent
impulse transfer. The 90°/25 % configuration
outperformed the others, with impulse transfer
decreases of 20 % to 29% (mean average 24 %
decrease) and less variation than the 90°/50 % plates.
In general, an increase in the percentage cut off ratio
for a given angle decreased the impulse reduction
percentage.

When the experimental data is compared to that
presented by Yuen et al. [13], for a 19g PE4 charge
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Fig. 6: Column graph to show the percentage reduction in impulse transfer for each design configuration (using the flat plate

tests as a baseline impulse)

mass detonated at 34 mm stand-off distance,
conventional V plates exhibited impulse reductions of
12 % to 42 %. As the internal angle was decreased,
the percentage reduction increased. The 24 %
average impulse decrease exhibited by the 90°/25 %
cut off ratio “shallow V plates” is comparable to the
23 % impulse transfer decrease exhibited by the 120°
conventional V plates [13], although it should be noted
that the are some differences in the loading conditions
(namely the closer stand-off distance and lower
charge mass in reference [13]). However, the purpose
of employing a shallow V shaped plate was to lower
the centre of mass of the vehicle, and the 90°/25 %
cut off ratio shallow V plates would actually raise the
centre of mass compared to the 120° V plates. This
is demonstrated by comparing the vertical heights of
the two configurations with identical widths of 300
mm — the 120° V [13] would have a vertical height of
87 mm, while the 90°/25 % design had a vertical height
of 115 mm (an increase of 32 %).

4.2 Plate Deformation and Failure

A graph of permanent displacement versus impulse
for the 50 mm stand-off distance tests is shown in
Fig. 7a. The results show that the displacements of

all the shallow V configurations are greater than the
equivalent flat plate response, with the exception of
the 60°/75 % plates at impulses below 30 Ns.
However, when the displacements are plotted against
charge mass, as shown in Fig. 7b, the trends are not
the same — this is due to the differential impulse
reduction that occurs in the different design
configurations. Fig. 7b shows that the 60°/75 % plates
exhibited the lowest displacement over the full range
of charge masses but also have a lower tearing
threshold than the flat plates, tearing at an impulse of
48.6 Ns (29g PE4). The120°/50 % configuration also
exhibited poor tearing resistance, with rupture
occurring at impulses above 43 Ns (25g PE4). These
are the same two configurations that exhibited the
lowest reduction in impulse transfer. Increasing the
percentage cut off ratio for a given angle decreased
the permanent displacement of the plates in all but
one test (29g detonation onto a 90°/50 % plate — this
test was also anomalous in terms of its percentage
impulse reduction).

4.3 Influence of Stand-Off Distance

A graph of impulse versus stand-off distance for a
constant charge mass detonation of 29g PE4 is shown



Some Insights into the Response of “Shallow V Shape” Structures to Air Blast Loading

701

Mid-point displacement {(mm)

60 - I I
W 60deg, 50 % cut off ratio, 50 mm SOD
1 60deg, 75 % cut off ratio, 50 mm SOD
A 90 deg, 50 % cut off ratio, 50 mm 50D
50 - 90 deg, 25 % cut off ratio, 50 mm SOD [ ]
® 120 deg, 50 % cut off ratio, 50 mm SOD
¥ Flat plates, 50 mm SOD |
- - - Linear (Flat plates, 50 mm SOD) m A X
40 - - $ e e
] A B
A o =" i
a_."]
30 A o 8
o 4 .
A
ol
20 -
10 -
torn plates
Y
0 T T L} T \:__-__.:/I 1
0 10 20 30 40 50 60
Impulse (Ns)
(a) Graph of permanent mid-point displacement versus impulse
60 I
B 60 deg, 50 % cut off ratio, 50 mm SOD
O 60 deg, 75 % cut off ratio, 50 mm SOD
A 90 deg, 50 % cut off ratio, 50 mm SCD
50 90 deg, 25 % cut off ratio, 50 mm 50D || [}
® 120deg, 50 % cut off ratio, 50 mm 50D
*  Flat plates, 50 mm 50D
-é‘ - - - Linear (Flat plates, 50 mm S0D) - X
E40 n ; fn e
- g
:1:.} i t" ’
: |
E 30 | [ . |
[-% | i‘
;5
2 ‘ ®
- 1 O
£
5 | i
20 -
T
s |
10 ‘
‘ torn plates
D II T L} T \-—_—-‘/H 1
0 5 10 15 20 25 30 35

Charge mass (g)

(b) Graph of permanent mid-point displacement versus charge mass

Fig. 7: Response of plates at a constant stand-off distance of 50 mm
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Fig. 8: Graph of impulse versus stand-off distance for all air-blast tests at a constant charge mass of 29g PE4

Fig. 9: Graph of permanent mid-point displacement versus stand-off distance for all air-blast tests at a constant charge mass of

29¢ PE4

in Fig. 8 for the tests on the 90%50 % and 120%50
% plates. Other than the variation in impulse arising
from the difference in test specimen design discussed
in section 4.1, there appears to be no discernible
influence of stand-off distance in the 40 mm to 100

mm range. However, when mid-point displacement
is considered, as shown in Fig. 9, there is a clear trend
of decreasing displacement with increasing stand-off
distance. The displacement trend was similar in shape
to the results obtained by Jacob et al. [17] for flat
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plates subjected to air-blast loading, directed down a
tube, at different stand-off distances. The shallow V
plate deflections were less sensitive to stand-off
distance than the V shape plate responses [13].

5. Conclusions

This paper has reported the results of air-blast loading
experiments on “shallow V” plate configurations. The
results show that “shallow V” plates provide a
reduction in impulse transfer to the pendulum when
compared to benchmark flat plates, with decreases
between 5% and 32%. The 90%25% ‘‘shallow V”
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