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We describe an experimental investigation of the response of hybrid blast panels for protection 
from explosive and impact forces. The fundamental notion is to dissipate, absorb, and redirect 
energy through plastic collapse, viscous dissipation, and inter-particle forces of liquid placed in 
sub-structural compartments. The panels are designed to absorb energy from an impact or air blast 
by elastic-plastic collapse of the panel substructure that includes fluid-filled cavities. The fluid 
contributes to blast effects mitigation by providing increased initial mass and resistance, by 
dissipation of energy through viscosity and fluid flow, and by redirecting the momentum that is 
imparted to the system from the impact and blast impulse pressures. Failure and deformation 
mechanisms of the panels are described. 

 
 

INTRODUCTION 
 

The fundamental notion behind this research effort involves specially tailoring the primary structure and the 
substructure of layered panel systems to absorb energy from blast and impact pressures and thus protect personnel, 
vehicles, buildings, and equipment from these effects. The panel structures are constructed such that within the 
substructure reside chambers with specific geometry to facilitate collapse in a particular manner [1,2]. Selected cells 
contain liquid, with or without deformable materials, that initially are stationary, but flow between cells due to 
internal pressures as a result of impact. For the liquid-filled design, the deformable material for the alternate cells are 
expanded polystyrene foam “peanuts” (and liquid) that flow and condense to some extent under structural 
compression. The advantage of filling the alternate cells in this manner is the avoidance of a membrane surrounding 
each liquid-filled cavity. 

Two sets of prototype panels were constructed of 1/16 in. mild steel for impact testing at the University of Michigan 
and blast testing at the National Security Test Range at the Idaho National Laboratory. The panels were designed 
with stiffeners, approximately three inches in depth, shaped and spaced to create chambers between two face plates. 
The panels were constructed by the South Main Company, Wixom, MI. The test matrix included drop tests with dry 
and fluid-filled panels, and explosions with three dry/empty panels located at minimum and maximum standoff 



 

distances of 4.5 and 8.1 feet respectively and three liquid/water-filled panels tested at standoff distances of 4.5 and 
4.8 feet. Explosive charges of Comp C-4 were constructed with net explosive weights of 10.2 and 15.4 lbs, and a 
larger C-4-boosted ammonium nitrate and fuel oil (ANFO) charge was constructed with a net explosive weight of 
42.6 lbs TNT-equivalent. 
 
Comparisons of measured downstream force–time histories are presented in the following sections. Results show 
that both the dry and liquid-filled panels reduce downstream pressures and impulses substantially from the 
theoretical (reflected) values at the blast-side face plate. In the drop tests, the dry panels collapsed completely with 
high impact forces being transmitted downstream of the impact. The fluid encased panels partially collapsed and 
substantially reduced the downstream forces. In summary of the explosion tests, one of the dry panels (smallest 
charge, 8 ft. standoff) survived intact with only face-plate wrinkling between stiffeners, two dry panels completely 
collapsed, and none of the fluid enhanced panels suffered through-thickness collapse. 
 

PANEL DESIGN CONSIDERATIONS 
 

The physics of the panel’s structural advantage over conventional materials and its subsequent response to loads 
imparted by explosions, projectiles, and other impacts [3,4] may be separated into three primary categories: (1) 
increased initial mass to reduce initial velocity imparted to the system boundary; (2) enhanced dissipation to reduce 
energy over time; and (3) re-directed initial momentum. Each of these benefits is discussed below, with a brief 
explanation. Some preliminary discussions and analyses of such panels were presented by Karr et al. [5]. 

By placing liquid or granular material in alternate chambers, the structure’s mass is of course increased. Hence, the 
force from an explosion must accelerate a larger mass causing a decreased incipient velocity compared with air-
filled cavities. Adding mass is not a novel approach to blast protection [6], dense heavy barriers are common. A 
problem with these heavier structures is that once they are moving, the potential force upon striking other objects is 
increased. This approach adds mass to reduce initial velocities, but reduces mass and redirects momentum 
immediately after the onset of deformation caused by the impact.  

Another of the three physics-based methodologies in this system that provides additional protection is the 
incorporation of enhanced dissipation mechanisms, both in the structure and in the liquid. As in most structures 
under large loading, plastic deformation and Coulomb friction of the solid generate dissipation [7,8]; however, in 
this structure, due to the presence of the liquid enclosed in the interstitial spaces/cavities, at least two primary 
additional dissipative forces exist. In the case of the liquid, these are viscous forces due to the pressure-generated 
flow of the liquid over the solid, and the flow of the liquid through the orifices (that lead to the foam-filled “peanut” 
and liquid interstitial spaces in the alternate cavities). Flow pathways also exist out the structure along the 
encasements. 

As mentioned, one remaining important difference exists between conventional structures and the fluid-filled 
systems of this concept. By directing liquid flow in a direction primarily perpendicular to the principal impact 
direction, the downstream force of the impact is decreased significantly. To determine the actual benefits realized by 
this system in air blasts, and to optimize the parameters of the problem, preliminary numerical and analytical 
calculations as well as physical drop tests were conducted. 
 

DROP TESTS 
 
Physical experiments (drop tests) were conducted at the University of Michigan to provide definitive evidence that 
the fundamental notions are correct and that the panels indeed mitigate impact forces effectively. A total carriage 
weight of 445 lbs was dropped from 18.5 feet in near free-fall on panels 12in x 29in by 3in deep. The test apparatus 
is depicted schematically in Figure 1. Five load cells were placed between one inch steel plates; the one above 
supported the blast panel and evenly loaded the force transducers under impact while the one below spread once 



 

more the load across the reinforced concrete floor. The tests were conducted in the Civil and Environmental 
Engineering Hydraulic Basin as the ceiling facilitated the drop height of 18.5 ft. Two 6 inch pipes, 20 feet in length 
were plumbed and attached rigidly top and bottom. A drop mechanism guided by tubing with slightly larger inside 
diameter than the outside pipe diameter, and about one foot in length traversed the greased vertical structure in near 
free fall once released, as presented in Figure 1. Five PCB piezo-crystal load cells Model 200C50 with 30KHz 
frequency capability and their attendant electronics and filters measured force as a function of time. Each transducer 
was capable of recording to 50,000 lbs force. The data were acquired using M-Series National Instruments data 
acquisition boards and Dell PCs. Data rates matched or exceeded the frequency capabilities of the force transducers. 
Identical experiments demonstrated high quality, repeatable results. Video recordings of the experiments were made 
also. A triggering mechanism was located on a scaffold adjacent to the drop mechanism to initiate data collection at 
an appropriate time as the carriage passed. 

 

 

Figure 1: Schematic of the drop test apparatus. Blast panel shown pictorially awaiting impact. 

Four drop test were conducted, two with dry panels and two with panels water-filled. For the dry panels, the panels 
collapsed completely followed by the sudden impact of the collapsed stiffeners, with the force transducers 
registering very large forces, on the order of 20,000 lbs, between the panel and the test bed floor. Figure 2 shows 
portions of the panels before and after drop test impact. Force time histories are presented in Figure 3. 

The downstream forces were reduced by approximately a factor of four for the drop tests when water was placed in 
the panels. This was in agreement with an analytical model [5] summarized in the next section. The panels 
containing fluid did not completely collapse, thus there was no contact of the deformed stiffener mid-bodies with the 
panel’s support plating. The presence of the fluid cushioned the impact considerably, as can be seen in the time 
histories for the fluid impact tests, also shown in Figure 3.  



 

 

Figure 2: In the left photograph, the left image is an end elevation view of the panel prior to impact from the drop 
mechanism; to the right in the left image is an elevation view of the panel subsequent to impact. In the right 
photograph is shown for comparison two views of the blast subsequent panels: the upper is from the dry panel test, 
experiment 2, while the lower is from a wet blast panel. In the right image, note also that the post-impact thickness 
of the wet panel is roughly half that of the dry panel. 
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Figure 3: This figure presents the recorded integral force (ordinate) as a function of time (abscissa) for the four drop 
tests. The five load cells that were summed to provide these signals were located between two one inch steel plates 
that were placed beneath the apparatus as shown in Figure 1. The dark blue and purple curves represent the forces as 
a function of time for the water-filled-and-polystyrene-foam panels while the yellow and light blue represent those 
for the dry panels. 

 

Similar decreases in impact forces were also demonstrated in subsequent granular flow drop tests [9] in which rigid 
planar objects were dropped into beds of granular materials. There is thus definitive physical evidence that the 
fundamental notions are correct, and that the panels indeed mitigate impact forces from drop tests effectively. 



 

PANEL ANALYSES 

The web frames of the panel are designed to allow the stiffeners to collapse as an energy absorbing mechanism. 
Details of the analysis and optimization of the geometry can be found in Kasey [10]. A quasi-static analysis of the 
forces causing stiffener collapse was used in the design assuming a collapse mechanism depicted in Figure 4. The 
deformation mechanism is assumed symmetric about the center of the diagonal stiffener leg. The stiffener geometry 
is designed to collapse as shown in the figure below, thereby absorbing energy through plastic deformation during 
through-thickness collapse. Designs were based on attempting to generate constant forces during collapse so that 
energy could be maximized for a particular collapse force level. 

 

 

Figure 4: Collapse pattern for a four-hinge mechanism [10]. 

 

For a quantitative description of the impact dynamics, a theoretical model of the fluid-structure interaction system 
was developed [5]. The model considered the liquid field within a representative cross section divided into an upper 
rectangular area, a central funnel shaped area, and a lower rectangular area. The top and bottom net volume was 
assumed unchanged and the central volume was assumed changed because of the reduction in height of the diagonal 
section of the stiffener. They derived the following second-order, nonlinear ordinary differential 

equation: 0
.

2
..

���� FqtXCXM  where X is the position of the blast side of the panel as a function of time, and is 
defined positive in the down-blast direction. M is the faceplate mass, C the damping coefficient, q the rate of change 
of the blast pressure forcing and F is the collapse force of the stiffeners. The solutions compared very well with 
numerical simulations using ABAQUS [11] and support the conclusion that the presence of the liquid changes the 
dynamics and has remarkable benefit. Apparently the panel benefits from the liquid because momentum is 
redirected laterally, reducing impact forces encountered upon collapse or partial collapse.  

Both the panel deformation and the fluid flow are assumed to be confined to the plane of the panel cross section in 
these analyses (with fluid flowing from one chamber into an adjacent, empty chamber). However, for the drop tests 
and blast tests, fluid is jettisoned out the ends of the panels, and is thus in contrast to the assumptions of the above 
models. Thus refinements of the above models are being developed presently. 
 
 

BLAST TESTS 

Blast testing of the panels was conducted at the National Security Test Range at the Idaho National Laboratory 
(INL) in December 2008 and in May 2009. The tests included explosions with three dry panels located at minimum 
and maximum standoff distances of 4.5 and 8.1 feet, respectively. Three water filled panels were tested at standoff 
distances of 4.5 and 4.8 feet. Explosive charges of Comp C-4 and C-4-boosted ANFO were constructed with net 
explosive weights of 10.2, 15.4 and 42.6 lbs TNT-equivalent. 



 

An experimental setup on the test range is shown in Figure 5. Shown are a blast panel, 20 force transducers (PCB 
Model 206C) with backing mechanism, the free stream and reflective pressure transducers (PCB-137A22), and the 
charge positioned vertically at the mid-elevation of the blast panels. 

 

 

Figure 5: Typical experimental setup on the INL test range showing the blast panel, transducers and backing 
mechanism; the free field and reflective pressure transducers; and the charge positioned vertically at the mid-
elevation of the blast. 

Details of each test are shown in Table 1. Also shown in the table are the spatially-averaged peak pressures 
measured by the 20 load cells arranged on the back plate of the test frame and the theoretical peak reflected pressure 
[12] for the test arrangement. Note that the wet panel from test 5 is not presented in the table as it was not 
instrumented. Blast test 1 resulted in very little deformation of the panel, with only slight rippling of the face plate 
between stiffeners. There was no discernable deformation of the stiffeners themselves. This same panel was 
therefore used again in blast test 2.  

For test case 3, a panel was used with water encasement with the same charge weight and standoff distance as test 2. 
Figure 6 shows the time histories for the total downstream measured forces from blast tests 2 and 3. The resulting 
transmitted downstream peak pressures are reduced considerably from the theoretical values (reflected pressures 
from an ideal, rigid vertical plane). This is indicated in Table 1 where measured pressures are shown to be reduced 
to roughly 15% of the theoretical reflected pressures for both wet and dry panels. The lower downstream pressures 
were however spread over a longer time span such that impulses were reduced to about 85%. This is perhaps 
evidence that the initial impulsive pressures are transmitted downstream through the steel with somewhat delayed 
transmission through air and water as would be expected considering their density differences. 

Free field pressure 
transducers 

Blast panel and support/backing mechanism with 
piezo-crystal force transducers located between, 
and the entire unit fastened securely in-place Charge positioned 

vertically at mid-
panel elevation 



 

Although the transmitted pressure response does not vary considerably between the two (wet versus dry) panels, the 
panels’ response is drastically different as can be seen in Figure 7. The panel behavior is rather similar to the drop 
test results in that the fluid-filled panels do not collapse, in contrast to the dry panel response.  

Table 1:  Five blast tests performed at the Idaho National Laboratory 

Blast Test 

TNT 

Equivalent 

(lbs) 

Standoff 

Distance (ft) 

Average Peak 

Transmitted Pressure 

Measured (psi) 

Average Peak 

Reflected Pressure 

Theoretical (psi) 

Test1: Dry panel 10.2 8.0 190 397 

Test 2: Dry panel 10.2 4.5 295 1957 

Test 3: Water-encased panel 10.2 4.5 278 1957 

Test 4: Water-encased panel 15.4 4.5 477 2696 

Test 5: Dry panel  42.6 8.1 330 1487 

 

Because the water encased panel of test 3 suffered little damage, test 4 was designed to substantially increase the 
reflective pressure and blast impulse. The calculated theoretical impulse, I, was increased in test 4 to I = 223 Kips-
msec from I = 160 Kips-msec for test 3. The panel from test 4 endured considerably larger pressures and higher 
impulse yet survived remarkably well intact as shown in Figure 8. Deformations were only slightly higher in the test 
4 panel, particularly in the central portion of the panel, whereas the edges of panel underwent more deformation than 
the edges of the panel from test 3.  

 

 

Figure 6: Force–time history recorded from blast test 2 (dry panel) on the left and force–time history from blast test 
3 (water-encased panel) to the right. 
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Figure 7: Comparison of elevation views of the panels subsequent to blast exposure for tests 2 and 3. The largely 
unaffected upper panel was the wet panel (test 3) while the lower panel was from test 2 where the panel was not 
filled.  

 

Figure 8: End elevation view of the panel subsequent to blast exposure, test 4. This water-encased panel was tested 
with a much larger blast charge (15.4 lbs of TNT equivalent versus 10.2 lbs, both at a standoff distance of 4.5 ft) as 
its counterpart in test 3 (see Figure 7 upper end-view of panel) still had the encapsulated polystyrene particles 
remaining in the panel.    



 

Test 5 was designed to compare the response of a dry panel to that of the water-encased panel from test 4 by 
estimating an equivalent impulse loading. The same charge materials were not available, so a new TNT weight 
equivalent was used with larger standoff distance (see Table 1). A second objective of test 5 was to establish a blast 
condition necessary to collapse the water encased panel. We thus selected a standoff distance of 4.8 ft for the wet 
panel (not shown in Table 1). Both panels were tested with the same, single blast. Instrumentation however was not 
available to measure responses of both panels during a single blast; only the dry panel was instrumented. 

Figure 9 shows the blast test setup for test 5. High speed video of the blast was taken using a Phantom V12 camera; 
its position can be seen in the center, background of Figure 9. A frame from the video of test 5 is shown in Figure 
10. Flame has engulfed both panels in Figure 10 with the shock wave visible to the right of the frame. Note also the 
oddly shaped wave front geometry.  This is due to the presence of the large concrete block which is hidden within 
the fireball. This causes disruptions and reflections of an otherwise hemispherical blast-wave propagation. 

 

 

Figure 9: Experimental setup on the INL test range for blast test 5 where there were two panels exposed to the single 
blast. On the left can be seen a wet panel backed by a large concrete block, on the right a dry panel affixed to our 
usual apparatus. Note that the two standoff distances were different in this experiment. Rather than Comp C-4 
explosive, this charge featured an ANFO charge with a C-4 booster that amounted to 42.6 lbs of net TNT equivalent. 

Following blast test 5, the two panels (and to some extent their pieces) were positioned (reassembled) adjacent to 
each other. Their end-on views are exhibited in Figure 11. The remaining part of the dry panel is lying above the wet 
panel’s remains in the photograph. It is apparent that both panels were damaged significantly; however, the wet 
panel through-thickness collapse was approximately half that of the dry panel even though the wet panel was located 
closer to the blast. The dry panel was set 8.1 ft from the ammonium nitrate – fuel oil charge, while the wet panel was 
placed at a standoff distance of 4.8ft. It is remarkable that the wet panel survived as well as it did because, following 
the blast the 3ft x 3ft x 6ft block of concrete (see Figure 9) that was anchored only through its own inertia, against 
which the panel rested, was fractured and displaced about two feet. The wet panel itself was found lying roughly 30 
ft from its original position.  

 



 

 

Figure 10: As can be seen from this image of the ANFO blast, it caused a rather violent explosion. The flame 
engulfs the test stand, both panels and the concrete barrier, located just right of center. 

 

Figure 11: Shown are the dry and wet panels at the conclusion of test 5. The upper panel displays the dry panel 
following the blast. It had to be somewhat reassembled prior to taking the photograph. The lower panel shows the 
wet panel subsequent to the explosion – it was only partially collapsed. 
 
 
 



 

 CONCLUSION 
 
The experimental program’s primary objective was to test blast panels under conditions expected during high 
velocity impact and air blasts of structures, while its secondary objective was to provide data to validate and verify 
numerical and analytical models. Our studies indicate that, for impact energy absorption (drop tests), these systems 
substantially reduce the impulse forces transmitted to underlying layers and enhance the survivability of the 
structural integrity of the panels compared to response of panels without liquid. 
 
Three results appear evident from our blast test data: (1) the impulses transmitted downstream for the wet and the 
dry panels are essentially the same; (2) the downstream forces for the wet and the dry panels, though reduced greatly 
as compared to the theoretical values, are similar; and (3) under the same blasts, the survivability of the wet panel is 
much enhanced over the dry panel. The fact that the downstream forces remained in essence unaltered between 
panels with and without water (tests 2 and 3) implies that the initial dissipation of the liquid versus that of the gas is 
essentially the same. However, this then does not explain the very survivability (i.e. the through-thickness collapse 
and possibly the actual loss of integrity of the structure itself) of the wet panel versus that of the dry panel. 
 
Additional research is required to learn the genesis of the observations made from the blast tests, especially the 
modeling of these structures during very rapid loading. An effort toward this end is underway presently. 
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