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Shock mitigation performance of aqueous methylcellulose hydrogel and water for structural applications was
investigated through two dynamic loading instruments: Instrumented bar and shock tube. While aqueous methylcellulose solutions have previously been found to attenuate impact-induced forces passing through them by a
unique liquid-to-solid phase transition, this is the ﬁrst time studied as shock mitigators to structural elements.
The results obtained with aqueous methylcellulose as mitigator were compared with an equivalent experiment
conducted with water as damping medium. The liquid was loaded into a specially designed hollow aluminum
box, built to allow transmission of dynamic stress waves to a thin back plate. Determination of the liquid's
attenuation performance was based on the 3D Digital Image Correlation technique with high-speed photography
to obtain the full-ﬁeld real-time deformation data of the back-face plate throughout the dynamic loading event.
It was found that upon high rate loading with the instrumented bar, the aqueous methylcellulose solution decreases the maximum out of plane displacement resulting from the dynamic loading by as much as 40% compared to water, and signiﬁcantly damps the structural vibrations of the back-face plate. On the other hand, upon
relatively low rate loading with shock tubes, water and aqueous methylcellulose solutions provide the same
magnitude of out of plane displacement, however, the damping ratio (Logarithmic Decrement) of the structure
through aqueous methylcellulose solutions is 45% greater than through water. The ﬁndings are analyzed and
rationalized in terms of imparted mechanical power.

1. Introduction
Many engineering structures are designed to perform under extreme
conditions such as high accelerations, vibrations, or even strong impacts, all of which might jeopardize the whole device or sub-modules
within it [1–3]. For instance, during takeoﬀ or sharp maneuvers, drones
experience high accelerations which often lead to repeating malfunctions in electronic circuits [4,5]. To protect the electronic devices, the
circuits are molded inside a protective polymer or in a cushioned case
[6,7]. Similarly, wave slamming and hard landings onto water surfaces
challenge the structural integrity of naval crafts and racing boats on a
daily basis [8–12]. Land vehicles are also equipped with the proper
suspensions and shock absorbers to isolate the passengers and mechanical apparatus from the vibrations caused by a bumpy road and
further, for protection from accidents [13,14]. Nowadays, there are
many available products and techniques designed to ensure the integrity of a structure subjected to violent loading conditions. Among
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these, one can ﬁnd collapsing metallic foams [15,16], honeycombs,
polymeric layers [17,18], and ﬂoating devices. Upon loading, the
above-mentioned elements cushion the device from the impact, and a
portion of the transferred elastic energy is reﬂected, dispersed, or absorbed [19].
However, while most of the mentioned solutions provide eﬃcient
protection from structural penetration and eventual fracture, they do
not eﬃciently damp the initial violent elastic accelerations that could,
among other things, cause traumatic organ injury. Therefore, research
has to be invested in ﬁnding solutions that mitigate those violent accelerations, alongside more conventional protection solutions.
Hydrogels have received signiﬁcant attention in the past few decades due to their wide range of applications in ﬁelds including agriculture, drug delivery systems, food additives, pharmaceuticals, biomedical applications, tissue engineering, and wound dressing [20–26].
Aqueous methylcellulose solutions (AMCS) form hydrogels thermo-reversibly [27,28], and have a wide range of applications, similar to other
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experiments. A schematic representation of the manufacturing process
for AMCS is presented in Fig. 2.

hydrogels [29–32]. More recently, AMCSs were reported to undergo
impact-induced gelation [33]. These materials, which were known for
decades to endothermically transition to a gel upon heating [34,35] or
exposure to large pressures [36,37] were shown to respond quite rapidly (within microseconds) to impact, and signiﬁcantly reduce the
amplitudes of forces passing through them following impact. These
force reductions were compared to those of ballistic gelatin and water,
and were signiﬁcantly larger for AMCS than either of these two materials. In addition, compositing methylcellulose (MC) hydrogels with
various particles leads to the tailoring of their ﬂow stresses [38]. Finally, the shock attenuation performance of AMCS as a function of
concentration and thickness was also recently studied [39].
However, the inﬂuence of AMCS on structural dynamics has not yet
been investigated. The purpose of the present work is to investigate the
structural shock mitigation by AMCS under diﬀerent dynamic loading
scales, including an instrumented bar in a microseconds loading duration and shock tube in a milliseconds loading duration. The performance of AMCS is compared to that of water, which is the main component (>94% weight) of AMCS. In the ﬁrst part, an instrumented bar
setup (modiﬁed from a traditional SHPB for compressive loadings) was
used to generate the dynamic loading on a specially designed aluminum
(Al) frame ﬁlled by liquid AMC or water [40,41]. 3D Digital Image
Correlation (DIC) technique was used with high-speed photography to
obtain the full-ﬁeld deformation data throughout the dynamic loading
event [11,42–44]. In the second part, a shock tube apparatus and 3D
DIC were used to generate and analyze the blast-analog loading eﬀect
on a similar structure with polycarbonate (PC) face sheets ﬁlled with
those liquids [17,45,46]. These two apparatuses enable diﬀerent dynamic loading rates of the AMCS in order to analyze the importance of
this parameter on the material's attenuation performance.

2.2. Dynamic loading facility
An instrumented bar setup (modiﬁed from a SHPB (Kolsky) setup
for compressive loading) was used to perform dynamic loading experiments [47,48]. The loading steel bar has a diameter of 51 mm and a
length of 4880 mm. Two diametrically opposite strain gages (Model:
C2A-13–250LW-350 from Vishay Precision Group, Inc.) were cemented
on the incident bar, 1220 mm from the specimen's front face which
recorded the incident and reﬂected pulses at a 1 MHz sampling rate.
The dynamic stress wave was created by ﬁring an Al projectile from a
gas gun. Once the striker hits the loading bar, a compressive stress wave
propagates along the loading bar and reaches the end of the bar where
the Al front face plate is in contact with the loading bar. At this instant,
part of the stress wave propagates further through the 13 mm thick Al
front face plate, the 25 mm liquid ﬁller, then reaching the 0.8 mm Al
back face plate, while the other part reﬂects back in the loading bar as a
tensile wave.
For the other set of experiments, a shock tube setup was used to
perform shock loading experiments. The shock tube muzzle has an
inner diameter of 38 mm. Three dynamic pressure sensors were located
20 mm, 60 mm and 180 mm from the specimen's front face and sampled
at 5 MHz. The shock loading was created by bursting a diaphragm due
to pressure diﬀerence between high (driver) and low-pressure (driven)
sections separated by the diaphragm. Once the diaphragm bursts, a
rapid expansion of the compressed gas creates a shock wave that travels
towards the open muzzle end. At this instant of shock wave's muzzle
exit, part of the shock wave propagates further through the 13 mm PC
front face plate and the 25 mm liquid ﬁller then reaching the 3.2 mm PC
back face plate, while the other part of the shock wave reﬂects back into
the shock tube muzzle. It is to be noted that the conﬁguration of the
apparatus was similar for both instrumented bar and shock tube experiments except for the materials of the front face plates and the
materials and thicknesses of the back-face plates. The reason for
changing the material of the face plates for the shock tube experiments
was to decrease the impedance mismatch between the shock medium,
the front and back-face plates and ﬁller liquids. As a result, a suﬃcient
amount of the incident energy can be transmitted through the back-face
plate resulting in large enough displacements on the back-face plate.
Two Photron SA1 (Photron USA, Inc.) high-speed cameras with two
high intensity light sources were used to record the real-time deformation response of the Al/PC back face through 3D DIC technique.
These cameras are used at a resolution of 320 × 512 pixels at 30,000
frames per second, yielding an optical resolution of 26 μm. 3D-DIC
technique is a well-known non-contact method for full-ﬁeld displacement measurements [42]. Image processing and data reduction were
performed using VIC-3D 7 software (Correlated Solutions, Inc. Columbia, SC). Each black speckle generated for DIC application was
ensured to occupy at least 3 by 3 pixels (giving a minimum of 78 μm
speckle diameter). Subset and step sizes in VIC software were selected
to be 21 and 7 pixels, respectively. Moreover, the strain calculations in
VIC software were ﬁltered through the Lagrange tensor type with a
ﬁlter size of 15. This gives a total smoothing area of 105 pixels (7
step × 15 ﬁlter size). In other words, the size of the virtual strain gage
used in strain calculations is 105. Figs. 3 and 4 present detailed schematics of the instrumented bar and shock tube setups, respectively.

2. Experimental procedures
2.1. Materials and specimen dimensions
An Al 6061 ﬁxture for instrumented bar experiments was manufactured to store liquid ﬁllers (see Fig. 1). The ﬁxture consists of a
square-shaped front face Al plate (216 × 216 × 13 mm), four solid Al
square bars (25 × 25 mm cross section), twenty ½−13 bolt - nut sets,
and a square shape Al back face plate (216 × 216 × 0.8 mm). Bolts are
positioned 38 mm on centers with 35 mm steel washers to ensure
uniform ﬁxed boundary conditions. A similar ﬁxture for shock tube
experiments was used by replacing the Al front and back face plates
with PC front (216 × 216 × 13 mm) and back (216 × 216 × 0.8 mm)
face plates. Table 1 provides some mechanical properties of Al and PC
materials used in this study. The ﬁxtures were sealed with silicone
sealant to prevent any liquid leaking from the ﬁxtures during dynamic
loading. The liquid ﬁller volume available in the ﬁxtures was 0.7 L. Tap
water and AMCS with a 5.6% wt. (56 g/L) concentration were used as
liquid ﬁllers in this study. The conﬁguration of each specimen used in
each experiment is presented in Fig. 1 for (a) instrumented bar and (b)
shock tube. It should be noted that in some cases the face sheets are
reused to ensure consistency of the experimental setup. This is viable
because in plane strains are always well within the elastic limits of both
Al and PC face sheets.
Methocel SG A7C food grade (Dow Chemicals Inc.) powder was used
in this study to prepare the AMCS. 28 g of the methylcellulose powder
was added to 0.25 L puriﬁed water heated to 75 °C, and mixed well
until a uniformly opaque dispersion was obtained. Then, 0.25 L puriﬁed
water at 5 °C was added and the solution was mixed well until a uniform dispersion of 0.5 L was obtained. Afterwards, the solution at 56 g/
L concentration was placed in an ice bath for 2 h until the solution
turned transparent and homogenous. The solution was then kept in a
refrigerator for 24 h at 3–5 °C. Finally, 0.7 L of 1 L AMC solution
(prepared in two 0.5 L beakers) was poured into the hollow Al box and
allowed to reach room temperature for the dynamic loading

3. Experimental results
3.1. Part A - instrumented bar
The dynamic loading experiments were conducted using the instrumented bar setup shown in Fig. 3. Incident and reﬂected strain
pulses were recorded by an oscilloscope while the real-time out of plane
2
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Fig. 1. A scheme of the specimen used in (a) instrumented bar and (b) shock tube experiments.

applied onto the specimen was obtained by the subtraction of the reﬂected pulse from the incident pulse. As seen in Fig. 6, Wmax through
the water ﬁller is always larger than Wmax through the AMC ﬁller for a
given impulse.
Two cases of each liquid were selected for more detailed analysis.
These two cases were selected by considering similar input impulses for
each liquid. Experiments in Case #1 were selected to be Water #3 and
AMC #3 while they in Case #2 were selected to be Water #4 and AMC
#4 (see Fig. 5 for experiment numbers). The input impulses are 1.4 N•s
for both Case#1-water and Case#1-AMC, while they are 1.8 N•s and 1.7
N•s for Case#2-water and Case#2-AMC, respectively. Water and AMC
ﬁllers in Case #1 will be denoted as Water-A-1.4 and AMC-A-1.4, while
they in Case#2 will be denoted as Water-A-1.8 and AMC-A-1.7, respectively. “A” refers to Part-A, which means that the experiment belongs to the instrumented bar setup while the following number in the
denotation refers to the applied impulse to point the respective case.
The absolute values of the incident and reﬂected pulse histories for the
experiments Water-A-1.4 and AMC-A-1.4 in Case#1, and Water-A-1.8
and AMC-A-1.7 in Case#2 are presented in Fig. 7. It is seen from Fig. 7
that the incident and reﬂected pulses in each liquid case are similar
despite some diﬀerences in terms of peak values for both Case#1 and
Case#2. Though pulses for AMC display larger peak values, this oﬀset is
maintained in both incident and reﬂected pulses so that the net force
remains similar in magnitude to the water case. In Case#1, the peak
values of the incident pulses are 130 and 150 kN while the peak values
of the reﬂected pulses are 100 and 110 kN for Water-A-1.4 and AMC-A1.4, respectively. Moreover, in Case#2, the peak values of the incident
pulses are 180 and 190 kN while the peak values of the reﬂected pulses
are 130 and 140 kN for Water-A-1.8 and AMC-A-1.7 ﬁllers, respectively.
The net force acting on the structure can be obtained by addition of
the magnitudes of the incident and reﬂected pulses given in Fig. 7.

Table 1
Mechanical properties of aluminum and polycarbonate sheets used in this
study.
Material

Young's Modulus
(GPa)

Yield Strength
(MPa)

Ultimate Tensile
Strength (MPa)

Aluminum
Polycarbonate

69
2.2

240
63

290
70

displacement of the back-face plate was recorded through two high
speed cameras also used for 3D DIC application. Four loading trials
through diﬀerent impulse inputs were carried out for each liquid ﬁller
case in the instrumented bar setup. Fig. 5 summarizes the out of plane
displacement history of the center point of the back-face plate with
water (black curve) and AMC (red curve) ﬁllers. Here the out of plane
displacement is denoted by W, and the center point is the location
where the maximum value of W occurred on the full ﬁeld. It is seen
from Fig. 5 that the center point vibrates over the reference plane coordinate in each loading case for both water and AMC. However, the
damping of the vibration by AMC ﬁller is always stronger than water
ﬁller regardless of the Wmax occurred as seen in Fig. 5. For instance,
even though Wmax values in Water #3 and AMC #4 experiments are
equal, the damping of the W by AMC ﬁller is signiﬁcantly stronger than
water ﬁller. This better mitigation performance (energy intake) of AMC
over water is due to its local endothermic gelation resulting from shock
loading [33]. More details on impact-induced gelation of AMC can be
found in [33].
For a representation of the input-output correlation of each experiment, Wmax as a function of the input impulse data is presented in
Fig. 6. The impulse given in Fig. 6 was obtained by the integration of
the input force with respect to time, and this net input force history

3
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Fig. 2. Schematic representation of the manufacturing process of 0.5 L of AMCS.

occurs on the back-face plate due to the dynamic loading. It is seen from
those images that full-ﬁeld out of plane displacements for both WaterA-1.4 and Water-A-1.8 are signiﬁcantly larger than AMC-A-1.4 and
AMC-A-1.7 respectively, indicating better mitigation of the dynamic
load through AMC. The third row (time = 2 ms) shows the instant
when the minimum out of plane displacement occurs on the back-face
plates for each loading case. Finally, the last row (time = 25 ms) shows
the ﬁnal stages captured through 3D DIC for each loading case where
the out of plane displacements are almost zero for all cases.
The evolution of out of plane displacement data for a vertical line
drawn along the center of the back-face plate (membrane) is presented

Those net forces are presented in Fig. 8 for (a) Water-A-1.4, (b) AMC-A1.4, (c) Water-A-1.8 and (d) AMC-A-1.7. The input impulses can also be
obtained by the integration of the net input force with respect to time
given in Fig. 8. The input impulses are 1.4 N•s for both Case#1-water
and Case#1-AMC, while they are 1.8 N•s and 1.7 N•s for Case#2-water
and Case#2-AMC, respectively.
The out of plane displacement data for these two cases obtained by
3D DIC technique is shown in Fig. 9. In the ﬁrst row of Fig. 9, t = 0 is
the instant when the stress wave reaches the front-face plate of the
specimen (no loading yet on the specimen). In the second row, time
1.0 ms is the instant when the maximum out of plane displacement

Fig. 3. A detailed schematic of the instrumented bar setup showing the gas gun, striker, dynamic loading bar, specimen and the 3D DIC set-up.
4
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Fig. 4. A detailed schematic of the shock tube including the specimen and the 3D DIC setup. Structural conﬁguration is similar to the instrumented bar setup except
the PC front and back-face plates instead of Al front and back-face plates, and the thickness of the PC back-face plate (3.2 mm PC back face plate instead of 0.8 mm Al
back-face plate).

Fig. 5. The time variation of the real-time out of plane displacement data for the center point (where the maximum W occurs) of the back-face plate with water (black
curve) and AMC (red curve) ﬁllers for each trial. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this
article.)
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Fig. 6. The maximum out of plane displacement of the center point of the back face plate as a function of the input impulse applied onto the specimen.

The thickness of the Al back face plate was 0.8 mm. Considering the
back-face plate as a thin plate deforming in membrane mode, the strain
energy U of the elastically deforming plate is given by [49]

U=V

E
(ε12 + ε23 + 2νε1 ε2)
2(1 − ν 2)

(1)

where V is the volume of the back-face plate, E is Young's modulus, ν is
Poisson's ratio, and ɛ1 and ɛ2 are the principal strains at any location on
the full-ﬁeld back-face plate surface. The 3D DIC provides real-time fullﬁeld principal strain data with a resolution of ± 100 μɛ. The strain
values recorded for all the experiments are in the order ± 1000 μɛ. It is
to be noted that among all the experiments conducted in the instrumented bar setup, the maximum principal strain on the Al back-face
sheet was 0.18% for Water-A-1.8, which is within the elastic limits.
The average instantaneous strain energy U of the full-ﬁeld back face
plate surface was calculated for each case, as shown in Fig. 11. Fig. 11
reveals that the maximum average full-ﬁeld strain energy in Water-A1.4 is +0.12 J while it is +0.08 J for AMC-A-1.4, which gives 33%
improvement in the maximum average full-ﬁeld strain energy by the
use of AMC with respect to water. On the other hand, the maximum
average full-ﬁeld strain energy in Water-A-1.8 is +0.37 J while it is
+0.28 for AMC-A-1.7, which gives 24% improvement in the maximum
average full-ﬁeld strain energy by the use of AMC. Table 2 summarizes
the key data presented in this section. In Table 2, Wmax is the maximum
out of plane displacement of the center point, while Umax is the maximum average full-ﬁeld strain energy.
3.2. Part B - shock tube
Fig. 7. The absolute values of the typical incident (black) and reﬂected (red)
pulse histories for the experiments (a) Water-A-1.4 (solid curve) and AMC-A-1.4
(dashed curve), and (b) Water-A-1.8 (solid curve) and AMC-A-1.7 (dashed
curve). (For interpretation of the references to color in this ﬁgure legend, the
reader is referred to the web version of this article.)

The shock loading experiments were conducted using the shock tube
setup shown in Fig. 4. Pressure pulses were recorded by an oscilloscope
while the real-time out of plane displacement of the back-face plate was
recorded through two high speed cameras for 3D DIC application. Realtime pressure data collected from CH1-3 (see Fig. 4) is presented in
Fig. 12. It is seen in Fig. 12 that loading proﬁles are similar for each
loading case. The peak pressures from CH1s are in the range of
5.5–5.9 MPa for both liquids and loading cases. Water and AMC ﬁllers
in Case #1 will be denoted as Water-B-14.5 and AMC-B-14.8 while they
in Case#2 will be denoted as Water-B-14.2 and AMC-B-14.7, respectively. “B” refers to Part-B, which means the experiment belongs to the
shock tube setup while the following number in the denotation refers to
the applied impulse to point the respective case. It is also demonstrated
in Fig. 12 that there is a secondary loading starting at around 13 ms due
to the reﬂection of the incident shock wave from the closed end of the
7.5 m long shock tube. Impulse presented in Fig. 12 was calculated
through the integral of the incident force (obtained via given pressure

in Fig. 10. It is seen from Fig. 10 that the out of plane displacement
proﬁle along the vertical center line is a wavy and sharply peaked curve
for water, while it shows a smoothly deﬂected curve for AMC for both
Case#1 and #2. It is also seen in Fig. 10 that oscillations in the evolution of out of plane displacement of the vertical center line are
damped down quicker for AMC than water. Moreover, discontinuous
deformation proﬁle is seen in Fig. 10 especially for water ﬁller. This is
attributed to the nonlinear free vibration of a considerably thin plate
backing the liquid ﬁller. The peak deformation of the center point is
observed 1.2 ms after the dynamic load reaches the thin plate. This time
delay is indicative that a nonlinear vibration is being setup in the water
domain which is causing the discontinuous deformation proﬁle.
6
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Fig. 8. The net forces acting on the specimen during the dynamic loading is obtained by addition of the reﬂected pulse with the (negative) incident pulse (Case #1:
(a) Water-A-1.4 and (b) AMC-A-1.4; Case #2: (c) Water-A-1.8 and (d) AMCS-A-1.7).

of plane displacements for both ﬁller cases. However, a phase delay
develops, and at time = 6.7 and 10.2 ms when the water cases are
experiencing subsequent peaks in their center point deformations, the
AMC cases are nearing minima in their center point deformations, indicating a divergence in their vibration frequencies. It is clearly seen in
Fig. 13 that maximum out of plane displacement proﬁles for both ﬁllers
are similar in each case.
The out of plane displacement data obtained by 3D DIC technique
for the center point data are presented in Fig. 14(a)–(c) and (b)–(d),
respectively, for a quantitative representation. Fig. 14 shows that the
maximum out of plane displacement for center point is quite similar for
both liquid. It is also seen in Fig. 14 that the oscillation frequency of the
out of plane displacement of the vibrating back-face plate is less with
AMC ﬁller than water ﬁller. The oscillation frequency of the out of
plane displacement is about 340 Hz with water ﬁller while it is about
270 Hz with AMC ﬁller in both Case#1 and #2, which shows that vibration of back face plate can still be damped 21% further via AMC than
water. This considerably larger damping achieved by AMC ﬁller can
provide more dissipation of any undesirable energy input to the structure, a better prevention of the structural deformation, and a better
restraining of resonant phenomena (keeping the natural and excitation
frequencies unsynchronized) than water ﬁller. Fig. 14 also shows the
eﬀect of the secondary loading presented in Fig. 12 on the out of plane
displacement of the back-face plate. There is a secondary displacement
peak in each experiment after 13 ms due to the secondary loading peak
observed in Fig. 12. It is to be noted that among all the experiments
conducted in the shock tube, the maximum principal strain on the PC
back-face sheet was 0.93% for AMC-B-14.8, which is also within the
elastic limits.
For the real-time out of plane displacement data presented in
Fig. 14, a damping ratio (ζ) was obtained for the time period between
4 ms and 13 ms. This time period was chosen so as to avoid the ﬁrst
cycle when the response of the structure is forced by the shock loading.
The damping ratio is given [50].

Fig. 9. The real-time full-ﬁeld out of plane displacement data obtained using
3D DIC technique. Time instances were chosen to show the key features of the
out of plane displacement process.

signal) with respect to time.
The out of plane displacement for both ﬁllers obtained by 3D DIC
technique is shown in Fig. 13. In Fig. 13, time = 0.0 ms is the instant
when the shock wave reaches CH1 (no loading yet on the specimen).
DIC contours at time = 1.4 and 4.1 ms show peaks in center point out

ζ=

1
1+

2π 2
δ

( )

where δ is the logarithmic decrement, and given as
7
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Fig. 10. The evolution of out of plane displacement data for a vertical line drawn along the center of the back-face plate (membrane) for (a)–(c) water and (b)–(d)
AMC ﬁllers (Case #1: (a) Water-A-1.4 and (b) AMC-A-1.4; Case #2: (c) Water-A-1.8 and (d) AMC-A-1.7).

δ=

x (t )
1
ln
n x (t + nT )

Table 2
Experiments conducted by instrumented bar apparatus and their key results.

(3)

The damping ratios for AMC-B-14.8 and AMC-B-14.7 are calculated
to be 0.113 and 0.122 while for Water-B-14.5 and Water-B-14.2 are
calculated to be 0.080 and 0.082, respectively. The diﬀerence of ~45%
in the magnitude of the damping ratio between AMC and water is
evidence of a better mitigation performance of AMC. Similar damped
response can be seen during the secondary loading for all the

Experiment

Input Impulse
(N•s)

Wmax
(mm)

Decrease in Wmax by
AMCS (%)

Umax (J)

Water-A-1.4
AMC-A-1.4
Water-A-1.8
AMC-A-1.7

1.4
1.4
1.8
1.7

2.18
1.31
2.68
2.16

40

0.12
0.08
0.37
0.28

20

Fig. 11. The real-time full-ﬁeld strain energy data obtained through 3D DIC technique (Case #1: (a) Water-A-1.4 and (b) AMC-A-1.4; Case #2: (c) Water-A-1.8 and
(d) AMC-A-1.8).
8
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Fig. 12. Input pressures applied by the shock tube on the PC structure for (a)–(c) water and (b)–(d) AMC ﬁllers (Case #1: (a) Water-B-14.5 and (b) AMC-B-14.8; Case
#2: (c) Water-B-14.2 and (d) AMC-B-14.7).

experiments. However, it is to be noted that the shock tube experiments
are not designed to collect any meaningful data for the successive
loadings. As it is seen from Eq. (3) that there are two main parameters
determining the magnitude of the logarithmic decrement, namely reduction in the peak displacement for the successive cycles and the
number of cycles during the given time period. In the above cases, the
number of cycles is the main driving parameter for the diﬀerences in
the logarithmic decrement.
The evolution of the out of plane displacement data for a vertical
line drawn along the center of the back-face plate is presented in
Fig. 15. The smooth deﬂection curves for AMC seen in instrumented bar
experiments are also seen for water in shock tube experiments as seen in
Fig. 15.
The summary of all the key data from the shock tube experiments
for each ﬁller case is given in Table 3. Impulse is the impulse carried by
the shock tube, Wmax is the maximum out of plane displacement of the
center point on the back-face plate, and f is the oscillation frequency of
vibrating plate in Table 3.

comparison in the input forces applied by both instrumented bar and
shock tube setups for AMC ﬁller. It is seen in Fig. 16 that the rise time of
the input force is 9.5 μs with a peak of 37.8 kN in instrumented bar
experiment while it is 81 μs with a peak of 6.6 kN in shock tube experiment. So, the instrumented bar setup produces a loading rate 8.5
times faster than the shock tube. In the shock loading proﬁle, there is a
time delay between the real incident and reﬂected pulses acting on the
structure due to the location of the pressure sensor (20 mm further from
the structure). This was taken into account in the calculation of the rise
time 81 μs.
Incident energies for both instrumented bar [51] and shock loadings
[46] can be now calculated from the experimental data, which are
obtained to be 7.1 J (experiment (b) in Section 3.1) and 8.7 J (experiment (d) in Section 3.1) for instrumented bar experiments, and to
be 16,284 J (experiment (b) and (d) in Section 3.2) for shock tube
experiments. The energy transmitted to AMC can be calculated through
a straightforward impedance approach. Since the density and the speed
of sound of each medium are known in this study, the reﬂection coefﬁcient R can be calculated by [52]

3.3. Mechanical energy and power: Comparison between instrumented bar
and shock tube setups

Z − Z1 ⎞
R=⎛ 2
⎝ Z2 + Z1 ⎠

The instrumented bar experiments showed that AMC ﬁller provides
signiﬁcantly better structural shock mitigation performance than water.
On the other hand, the shock tube experiments showed that although
AMC ﬁller still provides signiﬁcantly better mitigation performance
than water, both liquid ﬁllers provide similar maximum out of plane
displacement response during the ﬁrst monotonic loading. One can
surmise that the observed diﬀerence in the maximum out of plane
displacement response in each experimental conﬁguration is due to the
diﬀerent loading rates applied by each setup. Fig. 16 shows a

where Z1 is the impedance of the transmitted medium and Z2 is the
impedance of the reﬂected medium. After ﬁnding the reﬂection coefﬁcient R for each medium transition, the ratio of the transmission
coeﬃcient was calculated by subtracting R from 1. Then, multiplying
the transmission coeﬃcient with the respective energy gives the
transmitted energy for AMC. Table 4 presents the transmitted energy to
AMC, volume of AMC, ratio of the transmitted energy to AMC to volume of AMC, and applied energy rate (power) for both instrumented
bar and shock tube loadings. More details of the energy calculation are

2

⎜

9

⎟

(4)
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provided in Appendix.
Table 4 shows that shock tube experiments impart about 3.4 times
more energy to the liquid ﬁller than the instrumented bar experiments.
In both experiment types, if the total energy imparted to the liquid is
divided by its total volume, the energy per mL obtained is considerably
lower than threshold estimated in a previous report [33], which is 0.7 J
per 1 mL of 5.6% wt. AMCS. However, we postulate the gelation upon
impact within the layer is not homogenous throughout the entire volume of the liquid, and the present results show that for instrumented
bar experiments considerable attenuation does occur, despite the provided energy per mL of solution, averaged out over the entire volume,
being less one hundredths of the required amount – 0.0039 J/mL. One
could therefore claim that the increased energy input per averaged mL
solution in the shock tube experiments – 0.013 J/mL, should lead to
more occurrences of local gelation and therefore better attenuation of
the maximum out of plane displacement in these experiments. However, the opposite is the case, showing that these “total amount of energy” considerations are clearly insuﬃcient, and the considerable difference in the AMCS attenuation performance on the maximum out of
plane displacement between the two experimental systems should stem
from a diﬀerent cause. The rate of energy application to the solutions is
20 times higher in the instrumented bar system than in the shock tube
system. It can consequently be inferred that this diﬀerence in rate
(mechanical power) is crucial to the observed diﬀerence in the peak out
of plane displacement response of the AMCS between the two loading
setups. Based on this rate eﬀect, it can be concluded that in the case of
instrumented bar loading, stronger localized gelation of the AMCS occurs in suﬃcient time, thereby reducing the maximum out of plane
displacement during the ﬁrst cycle. However, in the case of shock tube,
suﬃcient localized gelation of the AMCS occurs only after the ﬁrst
cycle.

4. Conclusion

Fig. 13. The real-time full-ﬁeld out of plane displacement data obtained
through 3D DIC technique. Time instances were chosen as showing the key
features of the out of plane displacement process.

In this work, the dynamic structural attenuation performance of
AMC was examined by two loading techniques: Instrumented bar and
shock tube. In both experiment types, the deﬂection of a back-face plate
(Al or PC) protected by a layer of 5.6% AMC solution (94.4% water)

Fig. 14. The time variation of the real-time out of plane displacement data for the center point (where the maximum W occurs) of the back-face plate displacement
(Case #1: (a) Water-B-14.5 and (b) AMC-B-14.8; Case #2: (c) Water-B-14.2 and (d) AMC-B-14.7).
10
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Fig. 15. The evolution of out of plane displacement data for a vertical line drawn along the center of the back-face plate for (a)–(c) water and (b)–(d) AMC ﬁllers
(Case #1: (a) Water-B-14.5 and (b) AMC-B-14.8; Case #2: (c) Water-B-14.2 and (d) AMC-B-14.7).

Table 3
Experiments conducted by shock tube apparatus and their key results.
Experiment

Impulse (N•s)

Wmax (mm)

f (Hz)

Decrease in f by AMC (%)

Water-B-14.5
AMC-B-14.8
Water-B-14.2
AMC-B-14.7

14.50
14.80
14.20
14.70

6.30
6.70
6.30
6.20

337
270
339
273

20

Table 4
The energy transmitted to AMC hydrogel in both instrumented bar and shock
tube experiments.

19

Experiment

Transmitted Energy, Et
(J)

VAMC (ml)

Et / VAMC (J/ml)

Ėt (kW)

AMC-A-1.4
AMC-A-1.7
AMC-B-14.8
AMC-B-14.7

2.2
2.7
9.1
9.1

692
692
692
692

0.0032
0.0039
0.0132
0.0132

41.4
43.3
1.9
1.9

higher loading amplitudes have shown reduced eﬃciency, 20% of
maximal out-of-plane displacement.
In contrast, shock tube experiments show similar peak out of plane
displacement response in structures for both the liquids. We assume
that in these cases, despite the larger amount of energy transmitted into
the material from shock tube, the local endothermic phase transition
fails to occur suﬃciently during the ﬁrst monotonic loading. We
therefore surmise that the reason for this performance of the AMCS in
the shock tube experiments is due to the lower loading rate, in other
words lower mechanical power imparted to the AMCS. Also, the vibrations in the structures ﬁlled with AMCS occur at a much lower frequency compared to water ﬁlled structures due to a 45% reduction in
damping ratio indicating a better mitigation performance of AMCS.
Although only 5.6% AMC solution was investigated in this work,
AMC solutions with a higher weight percent have been observed to
provide a better mitigation performance. However, increasing the
weight percent in AMC solution may increase the viscosity of the solution making it diﬃcult to compare results with pure water.
Thus, this study delineates the impact scenarios in which these
commonly-found, non-toxic, and inexpensive materials, whose speciﬁc
weight is similar to that of water, can serve as eﬃcient mitigators of
structural damage and vibrations.

Fig. 16. Comparison of the input forces applied by both instrumented bar (red
color) and shock tube (black color) setups. (For interpretation of the references
to color in this ﬁgure legend, the reader is referred to the web version of this
article.)

was measured to assess the shock transferred to the structure from the
original impact.
Instrumented bar experiments have shown that in comparison to
water, AMCS can reduce the maximum out-of-plane displacement by up
to 40%. Results have also shown that the structural damping through
AMC is signiﬁcantly stronger than water. This performance can be
crucial for structural protection. Instrumented bar experiments at
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Appendix
Energy calculations
The incident energy (presented in Section 3.3) for instrumented bar experiments are obtained using the following equation

Eshpbi =

∫ Fshpbi dushpb

(5)

where Eshpbi is the input energy applied to the Al front face plate, Fshpbi is the input force applied to the Al front face plate (given in Fig. 1(a)), and ushpb
is the displacement of the Al front face plate (equal to the displacement of the dynamic loading bar) and can be obtained by

ushpb =

∫ vshpb dt

(6)

where vshpb is the particle velocity in the dynamic loading bar, which can be obtained by [51]

vshpb = csteel (−ɛi − ɛr )

(7)

where csteel is the longitudinal wave velocity in the dynamic loading bar, and ɛi and ɛr are the incident and the reﬂected strains collected through the
strain gages attached to the dynamic loading bar, respectively. Then, the energy transmitted to the AMC (given in Table 4) can be calculated by

Eshpbt = (1 − RAl ) Eshpbi

(8)

where Eshpbt is the transmitted energy to the AMC and RAl is the reﬂection coeﬃcient for Al and can be calculated from Eq. (4). Then, the loading rate
of the transmitted energy (given in Table 4) can be calculated by

E˙ shpbt =

ΔEshpbt
(9)

Δt

The incident energy (presented in Section 3.3) for shock tube experiments are obtained as following [46]

Esti =

∫ S vsti ⎛ γγ −Psti1 + 0.5 ρsti vsti2 ⎞ dt
⎜

⎟

⎝

⎠

(10)

where Esti is the incident energy that the shock tube carries, S is the cross sectional area of the shock tube muzzle, vsti is the particle velocity, γ is the
adiabatic exponent of the gas constant, Psti is the incident pressure, ρsti is the density of the gas. Then, the energy transmitted to the AMC (given in
Table 4) can be calculated by

Estt = (1 − R air )(1 − RPC ) Esti

(11)

where Estt is the transmitted energy to the AMC and Rair and RPC are the reﬂection coeﬃcients for air and PC front face plate, respectively, and can be
calculated from Eq. (4). The loading rate of the transmitted energy (given in Table 4) can be calculated by

ΔEstt
E˙ stt =
Δt

(12)

Table 5 summarizes the values of the key data used in the calculation of the transmitted energy for both instrumented bar and shock tube
experiments.

Table 5
The values of the key data used in the calculation of the transmitted energy for both instrumented bar and shock tube experiments.
Experiment

csteel (m/s)

RAl

Δt (ms)

S (mm2)

vsti (m/s)

γ

ρsti (kg/m3)

Rair

RPC

SHPB
Shock Tube

5790
N/A

0.6863
N/A

0.054
4.668

N/A
1134

N/A
1140

N/A
1.35

N/A
0.44

N/A
0.9994 [53–55]

N/A
0.0645
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