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Abstract Small scale models representing key vehicle struc-
tural elements, including both floorboards and bottom-
mounted, downward V-shape hulls in various configurations,
have been manufactured and subjected to a range of buried
blast loading conditions. By varying surface stand-off distance
and depth of burial for several hull and structure configura-
tions, the input-scaled response of aluminum full-scale vehi-
cle floorboards has been quantified using high speed stereo-
vision. Specifically, the maximum vertical acceleration on the
floorboard and the corresponding Head Injury Criterion
(HIC15) are quantified as metrics to assess the severity of the
blast event. Results show standard V-shaped hulls provide
essential blast mitigation, with reductions in floorboard mea-
surements up to 47X in maximum acceleration and HIC15.
Though variations in protective hull geometry provide modest
reductions in the severity of a floorboard blast event, results
also show that personnel on typical floorboard structures
during blast loading events will incur unacceptable shock
loading conditions, resulting in either serious or fatal injury.
A more appropriate design scenario would be to consider
situations that employ frame-mounted passenger seating to
reduce the potential for injury. A second set of experiments

will be presented in Part II that focuses on frame motions and
accelerations when steel frames and steel structures are
employed with various frame connections and coatings for
frame blast mitigation.

Keywords Blast mitigation . Hull designs . Small scale
model . Head injury criteria . Accelerationmeasurements .

Stereo-vision

Introduction

The adverse physiological consequences of vertical accelera-
tion were first observed in the early 1900s. In 1919, Head and
Brown [1, 2] noticed a phenomenon known as “fainting in the
air” caused by sustained airplane accelerations of 4.5 G’s or
higher. Similar phenomena such as blackout and grayout were
also observed around the same time. Over the coming de-
cades, these effects became attributed to cessation of blood
flow in the eyes and brain [3]. Since the technology did not yet
exist to apply and then accurately measure accelerations large
enough to cause dramatic injuries, early research on the re-
sponse of humans to vertical accelerations focused on non-
life-threatening acceleration levels. In the 1950s, research
began to evolve that resulted in designation of a range of
acceleration thresholds that could cause severe injury and
death. Investigators began to understand that rapid vertical
acceleration could cause, in addition to blackout and uncon-
sciousness, fracture of the spinal cord, and brain contact with
the skull. Stoll [4] determined that the severity of human
response to vertical acceleration depends not only on maxi-
mum acceleration, but also the rate that acceleration is applied.
Later, Eiband [5] published data showing the effects of accel-
eration on scales smaller than previously investigated. He also
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developed graphs illustrating the vertical acceleration toler-
ance thresholds of human beings. Gurdjian and co-workers
[6–8] first proposed the “Wayne State University Cerebral
Concussion Tolerance Curve (WSTC)”. Based on the curve,
an important severity index was developed which is known as
Head Injury Criterion (HIC). In 1969, Stech [9] proposed
another injury criterion Dynamic Response Index (DRI).
The DRI is a model that assesses the physical response of
the human body to upward acceleration and is based on a
differential equation describing the stiffness of the spinal cord.
In the following decades, a variety of other head injury criteria
had been proposed and investigated [10–13]. The Department
of Defense (DoD) and U.S. Army have developed limiting
thresholds for human vertical acceleration tolerance based on
the WSTC and other research studies. The DOD has sug-
gested limiting human acceleration to 25G for 100 ms [14].
The U.S. Army has suggested a limit of 23G for 25 ms [15],
where G is the acceleration of gravity. The National Highway
Traffic Safety Administration (NHTSA) specified the limit for
HIC evaluated over a maximum time interval of 36 ms for the
50th percentile male. As of 2000 [16, 17], the NHTSA final
rule adopted limits that reduce the maximum time for calcu-
lating the HIC from 36 ms (HIC36) to 15 ms (HIC15). The
NHTSA final rule also revised the HIC limits for different
sizes of dummies. The HIC value is calculated using Eq. (1).

HIC ¼ max t2−t1ð Þ 1

t2−t1

Z t2

t1

a tð Þdt
� �2:5( )

ð1Þ

where a(t) is the acceleration (expressed in G), and (t2-t1) is the
time interval (expressed in s). The HIC15 metric was used in
these studies, consistent with the requirements of the National
Highway Traffic Safety Administration (NHTSA). Details
regarding the procedure used to compute HIC15 will be pre-
sented in Section 6.2.

Regarding the investigations on buried blast loading exper-
iments,. Nurick and Shave [18] experimentally studied the
failure of thin edge clamped steel plates subjected to explosive
loading by using a ballistic pendulum. The authors estimated
the total impulse and analyzed the type of failure mode expe-
rienced by the clamped plate. Jacob et al. [19] reported a series
of experimental results and numerical predictions for clamped
mild steel quadrangular plate of different thickness and vary-
ing length-to-width ratios subjected to localized blast loads of
varying size. They introduced a localized loading parameter to
the dimensionless damage number to simplify the complexity
of interaction between charge diameter and plate geometry
and compared with the results in Ref.[20] with good success.
Later, they [21] studied the effect of stand-off distance and
charge mass on the response of fully clamped circular mild
steel plates using blast tube and indicated that blast loading is

localized or uniformly distributed depending on the ratio of
stand-off distance to diameter of plate. Fourney and his co-
authors [22–24] performed a series of buried blast experi-
ments to quantify the effect of parameters. In some cases,
when the soil is saturated sand, there were explosive ‘bubble’
effects similar to those encountered in shallow water. Schleyer
et. al. [25] reported the response of the panel, which was based
on a deep trough trapezoidal profile with welded angle con-
nections at the top, bottom and free sides, loaded by the
shocked pressure pulse representative of the positive phase
of the air blast loading arising from a high-explosive charge.
Lawrence [26] and Hargather [27] reported photographic
studies on the mechanism of detonation in explosives and
the scaling of blasts respectively. Tiwari et al. [28] measured
the full-field transient plate deformation of a limited specified
center area during blast loading by using 3D image correla-
tion. In Snyman’s work [29], he showed the similarity of the
imparted impulse of different shape of charges obtained by the
horizontal motion of a pendulum. Fox et. al. [30] performed
computational investigations of rigid targets with various
geometries to the detonation of shallow buried explosives
and compared to experiments with good agreement. It is noted
that these related experimental studies primarily focused on
dynamic behavior of a single unprotected plate subjected to
high rates of loading.

In this study, small scale model experiments employing
both a passenger floorboard and external frame support with
lower V-shaped hull were designed and manufactured via
input-based scaling of full sized components . The effects of
various hull modifications on measured vertical acceleration
are presented. In addition, HIC15 values calculated from ex-
perimental results using Eq. (1) are employed to assess the
merits of various mitigation strategies for protecting
personnel.

Input Scaling of Experimental Structure Configuration

Recent studies have shown that the full specimen-explosive-
structure scaling via dimensional analysis can be used to
accurately predict the deformation response of appropriately
scaled blast loading structures [31–36]. For blast loading
studies, dimensional analysis [37–40] has shown that a scaling
factor can be derived from the cube root of the ratio of the full
size charge mass to the small scale charge mass.

Even when complete scaling of the structure is not feasible,
small scale experiments are oftentimes performed using a
smaller amount of explosive, and the results used to estimate
the behavior of full-scale structures. In our studies, the inves-
tigators scaled the explosive weight (input scaling) and ap-
proximately scaled various structural elements using a 1/3
scaling law [31, 32] to be nominally consistent with large-
scale structures. As shown in Eq. (2), the scaling factor β =
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10.102 was used in our studies unless otherwise noted, so that
detonation of 1.031 kg of Pentaerythritol Tetranitrate (PETN)

explosive for a full-scale vehicle corresponds to detonation of
a 1 g PETN explosive in these experiments (see Eq. (2)).

β ¼ mexpl
full

mexpl
small

 !1=3

¼
1031g

1g

� �1=3

−−−Exps 1−17 in Part I

4536g

4:4g
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8>>><
>>>:

9>>>=
>>>;

¼ 10:102 ð2Þ

For partial scaling such as performed in these studies,
Eq. (3a), (3b), (3c) and (3d) are approximate relationships
between time, distance (e.g., depth of burial (DoB)), velocity
and acceleration, respectively.

tfull
tsmall

≅ 10:102 → tfull ≃ 10:102 tsmall ð3aÞ

DoBfull

DoBsmall
≅ 10:102 → DoBfull ≃ 10:102 DoBsmall ð3bÞ

v tð Þfull
v tð Þsmall

≅ 1 → v tð Þfull ≃ v tð Þsmall ð3cÞ

a tð Þfull
a tð Þsmall

≅
1

10:102
→ a tð Þfull ≃

a tð Þsmall
10:102

ð3dÞ

Thus, a 7.62mmDoB of 1 g of PETN explosive in our small
scale experiments would correspond approximately to 77 mm
DoB of 1.031 kg of PETN explosive in full-sized structures.
Details regarding the relationship between small-scale parame-
ters and their full scale equivalents are shown in Table 1.

Experiments

Two independent sets of experiments were performed. The first
set focused on the effects of hull type/shape on the mitigation of
floorboard motions and accelerations in small scale model
structures emulating reduced weight aluminum vehicles; the
application of interest relates to the effect of floorboard motions
during blast loading on passengers in contact with floorboards
in nominally aluminum structures. In these studies, 3D digital

image correlation was used to measure floorboard motions,
velocities and accelerations during blast loading.

A second set of experiments will be presented in Part II and
focuses on framemotions and accelerations when steel frames
and steel structures are employed with various frame connec-
tions and coatings for frame blast mitigation. In addition, direct
comparison of measurements using 3D-DIC and accelerome-
ters are reported in a companion article, Part II, which shows
that the data obtained using 3D-DIC is as accurate as the data
obtained using accelerometers. Furthermore, the 3D-DIC data
was obtained successfully in all cases whereas the accelerom-
eters failed in multiple blast loading experiments.

Measurement of Floorboard Deformations during Blast
Loading Using Stereovision Digital Image Correlation

Figure 1 shows a schematic of the overall experimental con-
figuration, including cameras, specimen-frame combination
and sand blast facility. The setup consists of two matched
Vision Research Phantom V12.1 high speed digital cameras.
The cameras’ optical arrangement used in the experiments has
the following overall configuration;

& total pan angle between two optical axes ≈ 520

& distance from the lens to the center of plate ≈ 1.2 m
& spacing of the calibration grid ≈ 12 mm
& lens focal length ≈ 50 mm; lens F stop number ≈ 8
& 8 bit image intensity quantization

Table 1 Relationship between small scale and full-scale parameter
values for blast loading experiments

Small size test Full size test

DoB (depth of bury) 7.62 mm 77.0 mm

SoD (stand-off distance) 81.0 mm 817.88 mm

Vehicle length 406.4 mm 4105.45 mm

Vehicle width 355.6 mm 3592..27 mm

Scale factor is 10.102, representing scaling up to combat vehicle size
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& cross-camera synchronization within ±1 μs using external
TTL pulse

& lighting using multiple halogen lamps attached to concrete
walls

& image sizes ranging from 48×256 pixels to 64×368 pixels
& inter-frame time ranging from 3.36 μs to 5.49 μs

For the magnification of interest, a high contrast random
speckle pattern is placed on the specimen center area that is
undergoing maximum deformation and acceleration when
exposed to central region detonation. The specimen was light-
ly coated with white enamel paint and then a sharpie marker
was used to manually apply a dot pattern of the appropriate
size and distribution on the specimen. Once the specimen is
assembled to the frame fixture, threaded spacers are affixed at
the four corners of the fixture. The height of the spacers is
adjusted to meet the stand-off distance (SoD) to be used in the
experiment. The assembled experimental configuration is
temporarily placed on the sand surface and the outer edge of
the frame carefully etched into the sand surface, with the
center location identified using diagonal lines. The specimen
is then removed and the explosive charge and detonator are
assembled and carefully buried in the sand below the center
location and at the appropriate depth of bury (DoB).

After the explosive is buried, the cameras are mounted on
tripods and oriented to view the position where the specimen
will be located. Calibration images of a grid located near the
buried explosive are obtained. The calibration grid images are

used to verify that a convergent calibration analysis is obtain-
ed. After calibration has been confirmed, the cameras are
covered with plastic protective enclosures to mitigate impact
from sand or other debris expelled during blast loading.
The plastic protective enclosure was fabricated using a high
quality, flat transparent and thin (<1 mm) epoxy plate, with
the front plate approximately orthogonal to the optical axis
of the lens. In such cases, addition of the plate should not
affect the calibration process and will have minimal effect
on the measurements. Finally, the specimen is replaced
above the buried charge and the SoD is again confirmed
prior to initiating the blast loading. Once a final check is
performed, the laboratory is evacuated and two simulta-
neous electric pulses are sent to the detonator to initiate
the explosion and simultaneously trigger both cameras to
record the event.

Floorboard Measurements in Aluminum Frame-Hull
Structures

The aluminum alloy Al6061-T6 is used to manufacture the
floorboards, frame and hulls for all experiments. Details for all
experiments are given Tables 2 and 3. Figures 2 and 3 shows a
top view (Fig. 2(a)), side view of specimen-frame structure
without a hull (Fig. 2(b)) and several side views (Fig. 2(c~h))
of all the V-shaped hulls used in the first set of experiments
listed in Table 2. The specimen and hulls are bolted onto an

(a) (d)(b)

(e)

(f)

(c)

High speed cameras

Trigger

Ignition

D
etonation pulse Sand

Al 6061 sheet

AA

Explosive

Specimen set-up

Charge

SpecimenIgnition module

Sand pit

Fig. 1 Experimental set-up for buried blast loading experiments
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aluminum frame that consists of two geometrically identical
parts; upper clamping member and lower frame. The lower
rectangular frame has outer dimensions of 355.6 mm×
406.4 mm×12.7 mm, and an inner cutout opening with
dimensions 304.8 mm×355.6 mm. The rectangular shape
for the lower frame and clamping member are constructed
using pieces from a 25.4 mm×12.7 mm aluminum bar
stock welded at the corners. Each half of the frame is
machined with 18–9.525 mm diameter matching holes.

The specimen has a similar set of 18 holes and is
bolted between the two frames using 9.525 mm diame-
ter stainless steel bolts, lock washers and stainless steel
nuts.

Velocity and Acceleration Determination of Floorboard

For all standard hulls with frames and floorboards (see Table 2),
the out-of-plane displacement, Uz which is in the Z direction, of

Table 2 List of experiments with Aluminum frame measured by high-speed cameras

Exp. # DoB
(mm)

SoD to
floorboard
(mm)

Charge
(grams)

Floorboard and
Al6061 frame
dimensions
(mm)

Al6061
Floorboard
thickness
(mm)

Hull Al6061
Hull
thickness
(inches)

Angle
of hull
(degrees)

Image
size
(pixels)

1/FPS*

(μs)
Detonator

1 7.62 81.0 1 355.6×406.4 0.51 No hull None None 256×64 4.34 RP80

2 25.4 81.0 1 355.6×406.4 0.51 No hull None None 384×56 4.80 RP80

3 25.4 81.0 1 355.6×406.4 0.51 Single hull 2.29 13/154/13 512×48 5.07 RP80

4 12.7 81.0 1 355.6×406.4 0.51 Single hull 2.29 13/154/13 512×48 5.07 RP80

5 7.62 81.0 1 355.6×406.4 0.51 Single hull 2.29 13/154/13 368×64 5.49 RP80

5R* 7.62 81.0 1 355.6×406.4 0.51 Single hull 2.29 13/154/13 368×64 5.49 RP80

6 7.62 81.0 1 355.6×406.4 0.51 Foam and single hull 2.29 13/154/13 512×48 5.07 RP80

7 7.62 81.0 1 355.6×406.4 0.51 Double hull 2.29 13/154/13 400×48 5.13 RP80

8 7.62 81.0 1 355.6×406.4 0.51 Cantilevered single hull 2.29 13/154/13 384×56 4.80 RP80

9 7.62 81.0 1 355.6×406.4 0.51 Cantilevered single
corrugated hull

2.29 13/154/13
40/100/40

256×48 3.36 RP80

10 25.4 81.0 1 355.6×406.4 0.51 Corrugated hull 2.29 13/154/13
40/100/40

384×48 4.23 RP80

11 7.62 81.0 1 355.6×406.4 0.51 Corrugated hull 2.29 13/154/13
40/100/40

384×48 4.23 RP80

12 7.62 81.0 1 355.6×406.4 1.60 Corrugated hull 2.29 13/154/13
40/100/40

256×48 3.36 RP80

13 7.62 81.0 1 355.6×406.4 1.60 No hull None None 384×56 4.80 RP80

14 7.62 31.0 1 355.6×406.4 1.60 No hull None None 384×56 4.80 RP80

14R* 7.62 31.0 1 355.6×406.4 1.60 No hull None None 384×56 4.80 RP80

15 25.4 31.0 1 355.6×406.4 1.60 No hull None None 384×48 4.23 RP80

R* —Repeated experiment

1/FPS*—Since camera resolution is a function of frame rate, the frame rate used in each experiment was changed slightly for high-speed Phantom
cameras to maintain approximately the same number of pixels/mm for the as-applied speckle pattern. Since these slight changes in frame rate give
essentially the same pixels/mm for the speckle pattern, when using the same subset size this approach maintains similar 3D-DIC accuracy for all
experiments

Table 3 List of experiments with steel frame measure by high-speed cameras

Exp. # DoB
(mm)

SoD to
floorboard
(mm)

Charge
(grams)

Floorboard and
steel frame
dimensions
(mm)

Al6061
Floorboard
thickness
(mm)

Hull Al6061
Hull
thickness
(inches)

Angle
of hull
(degrees)

Image
size
(pixels)

1/FPS
(μs)

Detonator

16 7.62 31.0 1 355.6×406.4 1.60 No hull None None 128×128 5.07 RP80

17 25.4 31.0 1 355.6×406.4 1.60 No hull None None 128×128 5.07 RP80

Exp Mech (2014) 54:539–555 543



the center-point location (0,0,0) in each floorboard is measured
using 3D digital image correlation; all three displacement com-
ponents are measured, but only Uz is used in this study1. Out-
of-plane velocity and acceleration results at the center-point are
obtained by differentiating the out-of-plane displacement Uz

time history in the following way. First, a time series of data for
Uz(x,y,t) is obtained at every time interval; the component Uz

will be used in the following discussion. Second, using this time
sequence for Uz, a “moving window least squares quadratic fit”
is performed in time to seven consecutive data points, begin-
ning with the data at time to. Third, the quadratic fit is differen-
tiated (a) once to obtain the velocity at the midpoint of the time
span and (b) twice to obtain the acceleration at the midpoint of
the time span. This process is repeated by moving forward in
timeΔt and selecting seven consecutive points starting at time
to+Δt, continuing until the entire velocity and acceleration

history is obtained for a point of the plate. Then, velocity
∂Uz/∂t(t) and acceleration ∂2Uz/∂t2(t) time histories, are filtered
using an FFT with a Butterworth low pass filter having a
10 kHz cutoff frequency to remove high frequency, low ampli-
tude oscillations that occur later in the time period. A typical
filtered experimental data is shown in Fig. 4. Direct comparison
of filtered data and unfiltered data for both velocity and accel-
eration data confirm that the filtering process does not have an
appreciable effect on the velocity and acceleration results.

Hull Systems

The weight of Army Ground Combat Vehicle keeps growing
due to increased threats to passengers from blast events and
more lethal weapon systems. The current total weight of
ground vehicles can exceeds 70 t contributed by armor pro-
tection employed to mitigate blast effects, at the cost of
reduced mobility and speed, increased fuel consumption and
decreased transportability. Concern regarding these issues has
resulted in DoD mandates to give serious consideration of

(d)

(f) (g)

(a)

(c)

(b)

(e)

(h)

X

Y

Fig. 2 Specimen and frame con-
figurations with and without hulls:
a floorboard alone; b no hull; c
single hull; d double hull; e cor-
rugated hull; f cantilevered single
corrugated hull; g cantilevered
single hull; h frame foam padding
with single hull. In figure: d=9.53,
b=406.4, j=355.6, i=304.8, a=
355.6, t=0.51, h=12.7, c=25.4,
q=4.57, f=8.89, s=2.29, γ=1000

(including angle of corrugation),
β=130. (unit: mm)

1 Review of video data indicates that each plate-frame structure moves
upward rigidly, with minimal rotation, during the first 36 ms after initial
detonation. This was true for all experiments performed in this study.
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ways to decrease weight while maintaining reasonable levels
of protection and cost. Thus, protective hulls remain an im-
portant contributor to overall vehicle safety while adding a
minimum of weight to the structure. As shown in Fig. 2 and
Table 2, four types of small scale hull designs are evaluated
experimentally. In one experiment, rigid foam was also
employed. Details for each design are provided in the follow-
ing sections.

Single Hull

The standard single hull is shown in Fig. 2(c). The optimum
bending angle (measured along an axis parallel to the floor-
board and along the long side of the frame) for each side of the
hull is between 13º and 20º [41–43]. Though delivering sim-
ilar amounts of transmitted impulse, a 13º angle is preferred to
maximize distance between the floorboard and the ground.

In these studies, each hull is shaped with a 13o bend on
each side, culminating in a total angle of 26o and a 154º V

shape, returning symmetrically back to the original height for
the opposing 13º bend. For the standard case hull, the original
sheet is cut to dimensions of 368.3 mm×406.4 mm. Thewidth
reduces to 355.6 mm after introducing the hull bends.

Double Hull

The double hull is shown in Fig. 2(d). The double hull is
constructed from two standard single hulls combined in one
experiment. The process for creating them is exactly the same.
However, the double hull specimens are mounted differently
on the specimen. Larger bolts are required to pass through the
extra material. The larger bolts and the extra hull increased the
overall weight of the structure. Furthermore, a 4.57mm spacer
is placed between each hull on both sides of the specimen to
ensure the floorboard and lower hull do not interfere during
the early stages of the blast. Interference between the two hulls
will transfer load across the contact region, altering the be-
havior of the double hull system.

Fig. 3 Floorboard and steel frame specimen for experiments 16 and 17 with no hull. The steel frame was constructed by welding 12.7 mm by 25.4 mm
steel stock into a rectangle and drilling the 18 holes with 9.525 mm diameer for holding the plate. The dimensions of frame are 12.7 mm thickness,
25.4 mm width, 355.6×406.4 mm external dimension, which are same as aluminum frame used in Experiments 1-15

Fig. 4 Filtered out-of-plane velocity and acceleration data of floorboard center. (DDoB-25.4 mm, SoD-81 mm, FT-0.51 mm floorboard)
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Corrugated Hull

The corrugated single hull design is shown schematically in
Fig. 2(e). The corrugated hull is considered as a simple ap-
proach for increasing flexibility and energy absorption, reduc-
ing transmission of energy into the frame and floorboard. The
corrugated hull has the same dimensions as the standard single
hull, with the exception of the introduction of the corrugation
at a distance 87.12 mm (3.43 in. from the center of the hull.
The initial flat plate has a size of 393.7 mm×406.4 mm. An
additional 38.1 mm is needed due to the shaping of the hull,
with 25.4 mm specifically for corrugation.

Cantilever Hulls

Figure 2(f) and (g) show the geometry of the cantilevered singe
and single corrugated hulls, respectively. In each case, the hull
is attached along one side, unrestrained on the other side, and
has an initial clearance of 12.7 mm on the unrestrained side.

Rigid Foam and Single Hull

A specific experiment focused on the effect of rigid foam
padding between the frame and a single V-shaped hull is
performed. In these studies, a foam thickness of 8.89 mm is
used. The foam padding and single hull, shown in Fig. 2(h),
has a bolted connection through the hull, frame and floor-
board. The foam padding and frame widths are the same.

Experimental Results

Unless otherwise noted, the measured time, displacement,
velocity and acceleration measurements were “input-scaled”
according to Eq. (2a-2d) so that the presentation will corre-
spond approximately to the expected full-scale results for
similar structures with 1.031 kg of PETN explosive.

To demonstrate the consistency of the blast loading method-
ology with 3D digital image correlation measurements, exper-
iment 5 in Table 2 was repeated using the same DoB, SoD,
charge mass, aluminum frame, hull and floorboard dimensions
and image resolution. The measured center point displacement
data on the floorboard for both experiments are compared in
Fig. 5. As shown in Fig. 5, the peak in displacement occurred≈
2 ms after detonation in both cases while a minimum in dis-
placement occurred≈3.5 ms after detonation in both cases.
Figure 6 compares the residual deformation of the floorboard
along the plate center line at y =0 for both specimens measured
by 3D digital image correlation. As shown in Fig. 5, the
measurements have maximum and minimum values at nearly
the same time and show nearly identical trends for all other
points. Taken together, the data shown in Figs. 5 and 6 appears
sufficiently similar in a dynamic and difficult-to-control

environment to demonstrate repeatability of the experiments
and consistency in the stereovision measurements.

Out-of-plane Motions of Floorboard Center

Input-scaled displacement histories for typical floorboard
center-point out-of-plane displacements in Experiments 1, 2,
3, 5, 8, 10 and 13 are shown in Fig. 7. Results for the
remaining experiments are given in Appendix A-1.

The procedure described in Section 5.1 is used to determine
the input-scaled acceleration histories for the floorboard center
location, with and without various protective hulls. Maximum
input-scaled vertical acceleration results during the first 15 ms
are presented in Fig. 8. The complete input-scaled acceleration
histories of the floorboard center location are given in
Appendix A-2. The input-scaled peak values for the out-of-
plane displacement, acceleration and HIC15 at the floorboard
center showed in Figs. 7, 8, and 9 and summarized in Table 4.

Fig. 5 Un-scaled out-of-plane displacement at approximate floorboard
center location

Fig. 6 Un-scaled residual shape along x direction
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HIC15 Measurements

The procedure to obtain HIC15 values using Eq. (1) is given in
Appendix A-3. Figure 9 shows the input-scaled maximum

HIC15 values. In addition, Appendix A-3 presents the com-
plete time history of input-scaled HIC15, providing informa-
tion regarding the time frame where the maximum HIC15

occurs.

Fig. 7 Input-scaled out-of-plane
displacement histories of experi-
ments 1, 2, 3, 5, 8, 10, 11 and 13
(top), and peak value of out-of-
plane displacements of all experi-
ments at floorboard center location
(bottom). (NH-no hull, SH-single
hull, FSH-foam& single hull, DH-
double hull, CH-cantilever hull,
CCH-cantilever single corrugated
hull, CH′-corrugated hull, DoB-
7.62 mm, MDoB-12.7 mm,
DDoB-25.4 mm, SoD-81 mm,
SSoD-31 mm, FT-0.51 mm floor-
board, TFT-1.60 mm floorboard)

Fig. 8 Input-scaled peak out-of-
plane acceleration prior to peak
negative acceleration of experi-
ments 1 to 15 at approximate
floorboard center location.
(NH-no hull, SH-single hull,
FSH-foam & single hull, DH-
double hull, CH-cantilever hull,
CCH-cantilever single corrugated
hull, CH′-corrugated hull, DoB-
7.62 mm, MDoB-12.7 mm,
DDoB-25.4 mm, SoD-81 mm,
SSoD-31 mm, FT-0.51 mm
floorboard, TFT-1.60 mm
floorboard)
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Characteristics of a Buried Sand Blast Event

Figure 10 shows the evolution of failure in an unprotected
floorboard after detonation of a 5 g buried explosive. Figure 11
show the back side of (a) a single V-shaped hull and (b) an
unprotected floorboard after being subjected to a smaller blast
event due to detonation of 1 g of explosive. Figure 12 shows a
side-view of the ejected sand as it interact with a single V-
shaped hull, with the separation and channeling effect of the
hull clearly evident. The displacement and acceleration histo-
ries of the floorboard at locations (X =0, Y =0), (X =
513.2 mm, Y =0) and (X =769.8 mm, Y =0) are shown (a) in
Fig. 13 for an unprotected floorboard, (b) in Fig. 14 when
using a standard V-shaped hull and (c) in Fig. 15 when using a
cantilevered corrugated V-shaped hull.

Discussion

When employing various types of protective hulls, Fig. 7 and
Table 4 show that the deflection of the floorboard center-point

is reduced by 6X relative to the no hull case for the same
thickness of floorboard.

With regard to the results shown in Fig. 5, there are several
points to be discussed. First, the blast loading process involves
the entire hull-frame-floorboard structure, with different time
scales relevant to the measured floorboard response. The
actual blast loading process occurs on the time scale of mi-
croseconds, and the early time scale response of the floorboard
is indicative of the localized response due to the blast process.
Second, the longer time response which occurs on the scale of
a fewmilliseconds is consistent with the complexity that arises
when overall structural response ensues. Uploaded video ev-
idence from side and top cameras shows the following: (a)
Downward bending of the short side of the frame and upward
bending of the long side of the frame occurs during first
2.2milliseconds as the central region of the plate reaches a
maximum upward out-of-plane displacement and the entire
structure begins to lift off from the sand; (b) the structure
deformations change to upward bending of the short side
and downward bending of the long side from 2.2 ms to
3.4 ms, resulting in large downward motion of the attached

Fig. 9 Input-scaled maximum
HIC15 value of experiments
1–15. (NH-no hull, SH-single
hull, FSH-foam & single hull,
DH-double hull, CH-cantilever
hull, CCH-cantilever single cor-
rugated hull, CH′-corrugated hull,
DoB-7.62 mm, MDoB-12.7 mm,
DDoB-25.4 mm, SoD-81 mm,
SSoD-31 mm, FT-0.51 mm
floorboard, TFT-1.60 mm
floorboard)
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floorboard even as the entire structure moves upwards; it is
believed that the sudden change in structural deformation is
due in part to collapse of an air bubble generated during the
buried blast loading process, resulting in very low pressure
conditions below the hull; (c) Reverse elastic bending again
occurs in the frame members, though with reduced amplitude,
with the floorboard center moving upwards. During this time,
a variety of small waves are clearly visible on the floorboard
surface as oscillations and free vibrations continue.

It is noted that some displacement results shown in Fig. 7
have similar trends to those shown in Fig. 5. In addition, as
shown in Fig. 7, the hull extends the period of time before the
maximum in deflection occurs. This results in lower ampli-
tudes for the floorboard acceleration and also delays the1 time
for the peak value of acceleration. As shown in (a) Fig. 8 and
(b) results for experiments 1–11 in Appendix A-3, hulls sig-
nificantly reduce the measured center-point floorboard accel-
eration; the maximum acceleration is reduced by up to 47X.
For a 0.51 mm thick aluminum floorboard, the magnitude of
maximum floorboard acceleration range from 21490G (exp.1
no hull) to 460G (exp.9 cantilevered single corrugated hull).
Though the relatively high acceleration magnitudes are well
above the DoD limiting value (25G), they occur over a time
period that is much less than the duration assumed to be
necessary for biological damage (15 ms).

When simply using thicker floorboards without protective
hulls, acceleration results in Fig. 8 show that increasing floor
thickness does reduce accelerations but is not as effectively as
V-shaped hulls. Specifically, a thickness increase of 312.5 %
resulted in (a) a 1.7X reduction in acceleration when compar-
ing experiment 13 to experiment 1 and (b) a 7.9X reduction in
acceleration when comparing experiment 12 to experiment
11. However, as shown in Fig. 8, for experiment 12, the use of
a corrugated hull with a thick floorboard results in a 20X
reduction in acceleration relative to experiment 13, confirming
that hull protection is a much more effective mitigator for a
range of floorboard thicknesses.

In addition to the use of acceleration to assess blast severity,
the Head Injury Criterion was calculated for different hull &
floorboard or frame combinations using Eq. (1) and the pro-
cedure given in Appendix A-3. Though HIC15 does not spe-
cifically determine when a head injury would or would not
have occurred in a victim, the metric does act as a guide to
determine when head injury is most likely to have happened.
By using consistent test and calculation methods, HIC15

values across multiple experiments can be compared to deter-
mine which conditions would be less likely to result in inju-
ries. As shown in Fig. 9, for no-hull cases with floorboard
thickness of 0.51 mm, the HIC15 values for the floorboard
center-point range from 0.5 to 6×106 G2.5 s. These measured
values are orders of magnitude larger than any current stan-
dard for minimizing head injury likelihood (e.g. DoD limit is
250 G2.5 s, NHTSA limit is 700 G2.5 s), suggesting thatTa
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floorboard protection without hulls is insufficient to minimize
passenger injury.

Regarding Head Injury Criterion, the time period (t2-t1)
when acceleration occurs is considered in the HIC equation.
The HIC value is used to estimate the maximum for the
integrated or “average quantity” that humans can tolerate,
although peak values exceed this “average” value. Conceptu-
ally, the HIC implies that even large accelerations may be
“safe” as long as it occurs for a very short time. Conversely,
even if the peak acceleration is not very large, it may be
considered hazardous to health if it lasts for a longer time.
Therefore, although the peak acceleration for experiment 9 is
less than that measured for experiment 8, the time period of

peak acceleration in experiment 9 extends for a longer time
than that in experiment 8, resulting in a slightly larger HIC
value. The difference is due to corrugation on the hull which
increases the time over which the blast loading effects are
transferred to the structure and the floorboard

Since an important input variable for transmission of im-
pulse to the hull-frame-floorboard structure is DoB, a direct
comparison of the results for (a) experiments 5–9 with a
constant DoB=7.62 mm and floorboard thickness t =
0.51 mm and (b) experiments 12–14 with a constant DoB=
7.62 mm and different floorboard thickness t =1.6 mm, are
relevant. By comparing results from experiments 6–9 to re-
sults from experiment 5, the data indicates that additional

t=32µs t=48µs t=64µs t=80µs

t=96µs t=112µs t=128µs t=144µs

Fig. 10 Evolution of floorboard
rupture with no hull (Depth of
bury-7.62 mm, Stand-off dis-
tance-31 mm, Explosive 5 g)

Fig. 11 Photographs of (a) back
side of floorboard without protec-
tive hull after sand blast event and
(b) bottom of V-shaped protective
hull after sand blast event. (Depth
of bury-7.62 mm, Stand-off dis-
tance-81 mm, Explosive 1 g)
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flexibility in the hull-frame connection via use of (a) foam or a
spacer between the two single hulls or (b) removal of connec-
tions along one side reduces HIC by 4-7X. For experiments
12–14, results show that increasing floorboard thickness does
decrease HIC, especially when combined with increased flex-
ibility in the protective hull via corrugation of the hull.

However, in practice this solution is unlikely to be viable
due to the increased weight of the vehicle when using thicker
floorboard structures.

For the same structure, the effects of DoB or SoD on HIC
value are investigated by comparison of (a) experiments 3, 4
and 5 which have different DoB for the same SoD=81 mm
and the same floorboard thickness t =0.51 mm, (b) experi-
ments 14 and 15 which have different DoB for the same
SoD=31 mm and floorboard thickness t =1.6 mm and (c)
experiments 13 and 14 which have different SoD for the same
DoB=7.62 mm and floorboard thickness t =1.6 mm. For the
effect of DoB, experiments 3–5 and experiments 14–15 show
that HIC15 is reduced by 14X and 6X, respectively, from
shallow buried explosives (DoB=7.62 mm) to deep buried
explosives (DoB=25.4 mm). For the SoD effect, experiments
13–14 indicate that the maximum HIC15 value increases a
little more than 3X from high stand-off distance (SoD=

sand blast

Fig. 12 Side view of ejected sand interacting with V-shaped hull during
blast event

Fig. 13 Input-scaled out-of-plane displacements and accelerations
at three different locations on unprotected floorboard identified in
experiment 1

Fig. 14 Input-scaled out-of-plane displacements and accelerations at
three different locations on floorboard protected by standard V-shaped
hull identified in experiment 5
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81 mm) to low stand-off distance (SoD=31 mm). Though it is
conceptually feasible to increase the SoD to increase passen-
ger safety, there are practical limits for SoD in real vehicles
due to clearance requirements in the field.

As shown in Figs. 10 and 11, detonation of a lightly buried
explosive result in contained damage on both unprotected
floorboard and also a protective hull. The contained area of
impact on the floorboard is also evident in the data shown in
Fig. 13. Here, the amplitude of out-of-plane displacement and
acceleration are reduced at locations which are further away
from the floorboard center.

However, when a protective hull is employed, as shown in
Fig. 12, the sand blast loading impacts the hull with load transfer
distributed more broadly to the upper structure and the floor-
board. The mitigating effect of hull is shown clearly in Figs. 14
and 15 where the amplitude of displacement and acceleration at
different locations are relatively close to each other. Taken

together, these results confirm that protective hulls distribute
loadingmore broadly to the structure and the floorboard, thereby
minimizing localization of damage to the floorboard. However,
no matter whether there is a hull or not hull, the central region in
floorboard remains the most affected, experiencing peaks in
acceleration before rebound of floorboard that are quite high
and sufficiently large so that serious or fatal injury may occur if
occupants stand or walk within this area.

An overall review of the effect of hull effectiveness indi-
cates that various protective mechanisms will reduce HIC15

measured on the floorboard by up to 128X. Even so, the
minimum HIC15

max≈20×103 G2.5 s (DoB=25.4 mm), which
is nearly 2 orders of magnitude larger than the DoD limit.
Based on this data, it is clear that efforts to mitigate standard
floorboard accelerations to acceptable levels for human occu-
pants will be difficult. A more appropriate design scenario

Fig. 15 Input-scaled out-of-plane displacements and accelerations at
three different locations on floorboard protected by cantilevered corru-
gated hull identified in experiment 9

Fig. 16 Comparison of input-scaled out-of-plane displacement for cen-
ter-point of floorboard using an aluminum and steel frame with DoB=
7.62 mm (top) and input-scaled out-of-plane displacement for center-
point of floorboard using an aluminum and steel frame with DDoB=
25.4 mm (bottom). Aluminum floorboard thickness is TFT=1.60 mm in
all cases and data scaled to full-size structure response. (SSoD=31 mm)
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would be to consider situations where the occupant is attached
to the external frame and to determine whether such situations
may provide a more survivable situation.

An Alternative Structure to Increase Survivability
of Passenger

With regard to the use of frame-mounted passenger seating to
reduce the potential for injury, it is noted that most vehicles
use steel structural frames. To obtain preliminary data and
assess the effect of changing to a steel frame, the authors
performed two buried explosive loading experiments (SoD=
31 mm, DoB=7.62 mm and DoB=25.4 mm, 1 g PETN
explosive) when using a steel frame. The steel frame and

floorboard dimensions used in the experiments are given in
Table 3 and shown in Fig. 3. Designated experiments 16 and
17, the authors employed the same aluminum floorboard
without benefit of a protective hull so that the results could
be compared directly to data obtained in experiments 14 and
15 respectively, where an aluminum frame is used.

Figures 16 and 17 present direct comparisons of the mea-
sured out-of-plane displacement and acceleration at the plate
center-point for (a) Exp 14 (aluminum frame) and Exp 16 (steel
frame) with DoB =7.62 mm and (b) Exp 15 (aluminum frame)
and Exp 17 (steel frame) with DoB=25.4 mm. Figure 18
present direct comparisons of the measured HIC15 values at
the plate center-point for Exp 14 and Exp 16 and Exp 15 and
Exp 17, respectively.

Direct comparison of the results in Figs. 16, 17, and 18
clearly show that the change from an aluminum frame to a

Fig. 17 Comparison of input-scaled out-of-plane accelerations (in G’s)
for center-point of floorboard using an aluminum and steel frame with
DoB=7.62 mm (top) and input-scaled out-of-plane accelerations (in G’s)
for center-point of floorboard using an aluminum and steel frame with
DDoB=25.4 mm (bottom). Aluminum floorboard thickness is TFT=
1.60 mm in all cases and data scaled to full-size structure response.
(SSoD=31 mm)

Fig. 18 Comparison of input-scaled HIC15 values for center-point of
floorboard using an aluminum and steel frame with DOB=7.62 mm (top)
and input-scaled HIC15 values for center-point of floorboard using an
aluminum and steel frame with DOB=25.4 mm (bottom). Aluminum
floorboard thickness is 1.60 mm in all cases and data scaled to full-size
structure response. (SSoD-31 mm)
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steel frame with somewhat different attachment procedure has
minimal effect on the measured center-point acceleration and
HIC15 values. Based on these results, as well as a general
observation regarding the more common use of steel in frame
structures, in Part II of our studies, the investigators will use
the steel frame for all experiments.

Finally, as reported in detail in Part II of this work, to
demonstrate that the 3D-DIC data is consistent with indepen-
dent measurements, the authors attached accelerometers to the
frame of several structures used in our experiments. Compar-
ison of accelerometer and 3D-DICmeasurements for the same
region on the various frame structures demonstrated that the
3D-DIC data were in excellent agreement with accelerometer
values in all cases where the accelerometer continued to
function during the blast event.

Concluding Remarks

Single standard hulls use an optimized included angle of 154°
in order to minimize the transmission of energy to the struc-
ture. The single corrugated hull employs similar geometry
with corrugation to decrease stiffness and further reduce trans-
mission. Unfortunately, under the same blast loading condi-
tions as the single hull, the increased deformation of a single
corrugated hull resulted in contact with the floorboard and
increased energy transfer. Specifically, the results show that
the corrugated hull does not decrease the measured floorboard
acceleration.

Interestingly, by adding an additional degree of freedom
through cantilevering of the corrugated and standard V-shaped
hulls, data shows that this geometry change results in reduc-
tions in floorboard acceleration for both hulls. The
cantilevered single corrugated hull performs somewhat better
than a cantilever single hull in acceleration reduction because
of the corrugation.

Finally, it is noted that increasing floorboard thickness is
much less effective than using protective hulls for acceleration
reduction.Moreover, thicker floorboards will result in increased
total vehicle weight, which is unacceptable in practice.

In conclusion, results from our experiments clearly show
that V-shaped hull structures with an optimized included angle
of 154° are effective in reducing structure acceleration and
associated human injury metrics, especially the cantilevered
single corrugated hull. For the same DoB, use of a cantilevered
single corrugated hull (experiment 9) reduces the peak value of
deflection by 4X, acceleration by 47X and HIC15 by 128X
when compared to the case with no hull (experiment 1). How-
ever, even though the V-shaped hull with the optimum bend
angle does significantly reduce accelerations relative to the no-
hull configuration, the resulting floorboard accelerations are
still be too large to prevent serious injury. Thus, the safety of
passengers in a vehicle subjected to the effects of an IED

explosive blast also relies heavily on internal human seat posi-
tioning and attachment. As a result, the focus of the research in
Part II is to quantify the accelerations of a frame structure and
ascertain the effectiveness of frame-mounted passenger seating
in reducing passenger injury metrics.
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