
Chapter 2
Freely Accelerating Impact into
Cornstarch and Water Suspensions

2.1 Introduction

While the experiments described in the previous chapter primarily focused on
rheological measurements of dense suspensions, the focus of this thesis is surface
impact. As a number of studies have shown, liquids and granular media typically flow
around and provide little resistance to intruding objects [1–11], while suspensions
can provide normal stresses that are large enough to support a person running across
their surface. As discussed previously, this impact response has been attributed to
suspension response under shear, linking it to hydrodynamic interactions [12–17] or
a combination of granular dilation and jamming [18–24], but neither of these mecha-
nisms alone can produce enough normal stress to explain impact. In this chapter, we
describe a series of experiments designed specifically to study impact into dense sus-
pensions. With techniques ranging from high-speed videography to embedded force
sensing and X-ray imaging, we capture the detailed dynamics of the impact process
as a metal rod strikes the surface of a dense cornstarch and water suspension. The
data reveal that the impactor motion causes the rapid growth of a solid-like region
directly below the impact site. These findings are in agreement with von Kann et al.
but we go one step further by showing that this is mediated by “solidification fronts”
and that no boundaries are necessary for the suspension to provide large normal
stresses. Instead, as this solid moves and grows, it pulls on the surrounding suspen-
sion creating a quickly growing peripheral flow. Using the concept of added mass,
we make a model that relates the sudden extraction of the impactors momentum to
the growth of this flowing solid/peripheral region.

2.2 Experimental Setup

In Fig. 2.1a we show a schematic of the experimental apparatus. An aluminum rod
(mass mr = 0.368 kg, radius rr = 0.93 cm) is shot into the surface of a cornstarch
and water suspension by gravity or by slingshot. Vertical motion is maintained by
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Fig. 2.1 a Freely accelerat-
ing impact experiment. An
aluminum rod (rr = 0.93 cm,
mr = 0.368 kg) is acceler-
ated toward the surface of
a cornstarch and water sus-
pension (suspending liquid
viscosity η, packing fraction
φ0, fill height H ) via gravity
or a slingshot. A high-speed
camera focused on the region
indicated in the figure tracks
the rod to measure the impact
velocity v0. An embedded
accelerometer measures the
rod’s instantaneous acceler-
ation ar . Directly below the
impact site, a force sensor
records any stress transmis-
sion through the suspen-
sion to the container bottom.
b Preparing ∼20 L of corn-
starch and water suspension
with a cement mixer
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gently cradling the rod between stainless steel guide rails. A lightweight, miniature
accelerometer (Omega ACC104A) housed inside the rod is connected to a computer
via USB data acquisition interface (labVIEW USB-6009) and records the rod’s accel-
eration in real time at a data rate of 24,000 samples per second. As the rod hits the
surface, a high speed camera (Phantom v9.1, Vision Research) records video (in the
region indicated in the figure) at a typical frame rate of 10,000 frames per second.
A laser trigger just above the suspension surface (not shown in the figure) initiates
the camera. To measure any stress transmission to the container bottom, we place a
high-speed force sensor (DLC101-10, DLC101-50, DLC101-50, or DLC101-500)
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in a waterproof container directly beneath the rod (like the accelerometer, this sensor
is also connected to the USB interface recording at 24,000 samples per second).

The cornstarch and water suspension is characterized by its packing fraction φ0,
the suspending liquid viscosity η, the suspending liquid surface tension σ , and the fill
height H . The first step in preparing the suspensions involves creating a suspending
liquid with the desired viscosity. This is achieved by mixing tap water and glycerin
(McMaster Carr 3190K293) with a wire wisk. We then measure the viscosity of this
mixture with a capillary viscometer (Cannon Instrument Company, ratings 50–400).
After measuring the suspending liquid viscosity, we extract ∼25 mL and measure
the density with a volumetric measurement from a graduated cylinder and a mass
measurement from a scale. (For these experiments, we do not density match the
suspending liquid as the sheer volume required makes it prohibitively expensive.
We prevent suspension settling by continually relayering the suspension throughout
the day with a garden shovel.) We determine the necessary mass Mcs of cornstarch
by first deciding on the desired packing fraction φ0 and then using the equation

Mcs = ρcs

ρl
Ml

φ0

1 − φ0
, (2.1)

where Ml is the total mass of the suspending liquid and ρcs is the specific gravity
of the cornstarch particles (i.e. the density of the material itself, not the perceived
density of the powder plus air). The value for ρcs varies throughout the literature from
about 1.55 [21] to 1.68 [25]; here, we do not make any measurements ourselves, but
instead use a value in the middle of this range ρcs = 1.59 [19]. We measure the total
mass of cornstarch with a scale and then slowly added it into the suspending liquid
in an industrial cement mixer, as in Fig. 2.1b. We used the cement mixer because the
thickening behavior of the suspension makes it extremely difficult to mix “by hand”.
Adding the cornstarch slowly prevents unwanted clumping and the formation of air
bubbles in the suspension. Once all of the cornstarch is added, we let the mixer run
for approximately one half hour until the suspension consistency is highly uniform.

2.3 Characterization of Impact

Figure 2.2 shows images before and after the aluminum rod strikes the surface of a
deep (H = 20.5 cm) cornstarch and water suspension (φ0 = 0.49, η = 1.0 cP) with
impact velocity v0 ∼1.0 m/s. Rather than penetrating, as would typically happen
during impact into liquid or particles alone, the rod pushes the suspension surface
downward, creating a rapidly growing depression whose boundary travels away from
the impact site. The absence of splashing indicates that the impact is a highly dissipa-
tive since none of the incoming kinetic energy is recovered and redirected to ejecta
(indeed the collision in a deep container such as this appears almost “inelastic”).
Only after the rod has been slowed to a near stop does it begin to actually sink and
penetrate into the suspension. We are concerned with the phenomena before this
penetration and sinking occurs.
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Fig. 2.2 Visual characteristics of suspension impact. Images of an aluminum rod before (a) and
after (b) it strikes the surface of a cornstarch and water suspension (φ0 = 0.49, η = 1.0 cP) at
v0 ∼1.0 m/s. Rather than penetrating and creating a splash, the rod seems to push the surface down,
creating a large depression that travels radially outward from the impact site. The pockmarked
appearance may be a signature of dilation causing particles to poke into the liquid-air interface

Given the complex force laws involved during impact into liquids or particles alone
[1–11], one might expect the force law for an object impacting into a suspension to
be similarly complex. Surprisingly, this is not the case. Figure 2.3 shows the rod’s
instantaneous acceleration ar as measured by the embedded accelerometer plotted
against time t (upward acceleration is defined as positive). As the plot shows, the
rod’s acceleration starts out at minus g before impact (t < 0). Just after impact, the
acceleration steadily grows to some peak value apeak at time tpeak and then slowly
decays to some near-zero or slightly negative value. The existence of peaks in the
ar versus t curves indicates that the force law responsible for slowing the rod is a
competition between both time-increasing and time-decreasing contributions, and we
can use the behavior of these peaks to characterize each impact. As might be guessed
from experience, a primary factor that affects the peaking behavior is the impact
velocity v0; higher impact velocities lead to larger peaks that occur at earlier times,
as shown in Fig. 2.4a. It is also worth noting here that high velocity impacts can lead
to incredibly large pressures on the rod face [Ppeak = mr apeak/(πr2

r )], up to as much
as 1 MPa and thus far exceeding the maximum stress (∼5 kPa) encountered in steady
state shear experiments [24]. For the highest impact velocities (above about 3.0 m/s),
the rod begins to penetrate into the suspension. This transition is especially apparent
in the plot of tpeak versus v0 (Fig. 2.4b). Before the transition, tpeak decreases with v0,
but beyond it actually begins to increase. (Although we do not at present understand
the physics of this transition to penetration, we provide some experimental results
concerning it in Appendix A and show that it is sensitive to rr .)
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Fig. 2.3 Impact dynamics. a Acceleration ar versus time t for the aluminum rod striking the surface
of a cornstarch and water suspension (φ0 = 0.49, η = 1.0 cP) at impact velocity v0 = 1.18 m/s. The
impact produces a peak of value apeak occurring at time tpeak , indicating an underlying competition
in the force law. b Impactor velocity vr versus t , showing impact nearly brings rod to a complete
stop before gravity reaccelerates it downwards and it slowly sinks into suspension (not shown).
c Rod position zr versus t

Also in accordance with experience, the impact response is highly sensitive to
the particle packing fraction φ0, with more densely packed suspensions leading to
higher values of apeak and smaller values of tpeak (at a given impact velocity v0, also
shown in Fig. 2.4). In densely packed suspensions, an increase of just a few percent
in φ0 can cause the peak accelerations to double or triple. This creates practical
limitations for conducting experiments. Below φ0 ∼ 0.46, the effect becomes so
small that it is difficult to detect. At the other extreme, suspensions with packing
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Fig. 2.4 Parameters affecting peaking behavior. a Peak accelerations apeak versus impact velocity
v0 for experiments with following parameters: η = 1.0 cP and φ0 = 0.46 (open circles), φ0 = 0.49
(solid squares), φ0 = 0.52 (solid diamonds), η = 12.4 cP and φ0 = 0.49 (open squares), and
η = 1.0 cP and φ0 = 0.49 with a water layer approximately 1 cm deep on the suspension surface
(solid triangles). b Time to peak acceleration tpeak versus impact velocity v0 with same symbols as
in (a). The vertical dashed line indicates the crossover region to the right of which the rod begins
to pierce the suspension surface

fractions above ∼0.52 are so sensitive to perturbations that their relaxation time for
reaching a liquid state can take hours. Consequently, our work is restricted to the
regime 0.46 < φ0 < 0.52.

While the peaking behavior is strongly sensitive to the impact velocity and packing
fraction, it is surprisingly insensitive to the properties of the liquid. Changing the
viscosity by more than a factor of 10 has no observable effect on the peaks (although
it does slow the post-impact sinking behavior). Furthermore, completely removing
the effects of surface tension by adding a layer of water (∼1 cm deep) to the top of
the suspension shows that the response is not associated with particles poking out of
the liquid-air interface. As mentioned in Chap. 1, the viscosity of a suspension that

http://dx.doi.org/10.1007/978-3-319-09183-9_1
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exhibits continuous shear thickening does scale with the suspending liquid viscosity
[26–28], while the stresses of a discontinuous shear thickening suspension is limited
by surface tension effects [24]. The irrelevance of both viscosity and surface tension
reemphasizes that impact response cannot be explained by existing shear thickening
models.

2.4 Boundary Effects

To see what role, if any, is played by the opposing boundary during impact, we
changed the suspension height H and looked for corresponding changes in the ar

versus t curves, as in Fig. 2.5. For the deepest suspension, tpeak ∼ 10 ms, but a second,
weaker peak is just visible near t ∼ 75 ms. Lowering H causes this secondary peak
to intensify and move to earlier times. Interestingly, however, the first peak remains
largely unchanged. For the smallest H , a third peak emerges as a consequence of the
impulse on the rod being so large that it bounces upward off of the surface, freely
accelerates downward at minus g for a few milliseconds, and then hits the surface
again (as indicated in the lowest panel of Fig. 2.5). For the lowest two values of H ,
the response becomes dominated by this second peak and the character of impact
changes completely. Rather than appearing inelastic, the impact can actually be quite
elastic, with as much as 25 % of the impactor’s initial speed recovered in the recoil
(see Fig. 2.6). Additionally, we see that the coefficient of restitution ε, defined as
the recoil velocity divided by the impact velocity, is largely independent of impact
velocity until v0 ∼ 3.0 m/s, i.e. near the transition to the penetration regime.

One might guess that the second peak, which occurs while the rod is still in
contact with the suspension surface, might arise from the transmission and reflection
of waves to the opposing boundary. If this were the case, then one would expect to
see a strong, peak-like signal on the force sensor at the container bottom at half the
time of the second peak in the accelerometer. Surprisingly, as the bottom panel of
Fig. 2.5 shows, the peak on the force sensor occurs at the same time as the second
peak. This is actually a signature of the solidification suspected by Liu et al. [29] and
von Kann et al. [30], but these measurements have several key, new implications:
first, the primary response (i.e. the original acceleration peak) is not the result of
stress transmission to the boundary; second, the suspension does indeed solidify, but
the solidification process requires a finite amount of time to propagate through the
suspension; third, once solidification reaches the bottom boundary, forces propagate
with little delay through the solid-like region back towards the impactor; and fourth,
this solid can bear stress and store energy, allowing, for example, the bounce of the
impactor.

These implications are more fully appreciated in Fig. 2.7, which shows the force
on the rod (Fr = mr ar ) and the force on the container bottom for system parameters
(H = 11.5 cm, v0 = 2.0 m/s, φ0 = 0.49 and η = 1.0 cP) that prevent the rod from
bouncing and separating from the suspension surface (like the bouncing in Fig. 2.5,
which removes the solid-coupling between the rod and container bottom). A slow
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Fig. 2.5 Effect of lower boundary. Rod acceleration ar versus time t for impact with η = 1.0 cP,
φ0 = 0.49, v0 = 0.49 ± 0.04 m/s and suspension fill heights H = 20.5, 18.5, 16.5, 14.5, 10.5, and
8.5 cm (top to bottom, as indicated). The dashed line in the bottom panel is the force on the sensor
at the container bottom Fb

initial buildup of the force measured on the container bottom Fb is followed by an
abrupt jump (over ∼1.5 ms) to its maximum value of ∼7 N at t ∼ 7.5 ms. Before
this, Fb and Fr show no correspondence. After this, however, it is clear that the
spur on the latter part of Fr has the same shape Fb. This further indicates that the
transmission of stress between the rod at the top of the suspension and the force
sensor at the bottom is solid-like. What is more, these data suggest that the solid-like
region is concentrated in a column almost directly below the rod, in agreement with
the clay-witness experiments of Liu et al. [31]. Noting that the area of the force
sensor is ∼1.13 cm2 and, assuming the pressure on the bottom is roughly constant,
we estimate that the total force on the rod is recovered over an area ∼10 cm2. This is
much smaller than the full area of the container bottom (900 cm2), and if we imagine
the stress propagates through the suspension in a cone this corresponds to an angle
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Fig. 2.6 Restitution coefficient. Coefficient of restitution ε ≡ vrecoil/v0 (where vrecoil is the
velocity with which the rod bounces upward off of the surface) for a suspension with φ0 = 0.49,
η = 1.0 cP, and H = 8 cm. The existence of the bounce indicates that the region of suspension
below the rod stores elastic energy just like a solid
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Fig. 2.7 Details of stress transmission to container bottom. Force on rod Fr versus time t (solid
curve, left axis) and simultaneously measured force on container bottom directly below rod Fb
versus t (dashed curve, right axis) for suspension with H = 11.5 cm, φ0 = 0.49, η = 1.0 cP and
impact velocity v0 = 2.0 m/s. The time of the peak in Fb (or equivalently, time of 2nd peak in
Fr ) can be interpreted as time required for solid-like growth to reach bottom. The rise time to the
peak (especially pronounced for these impact parameters) can be used to show that the width of the
solidification front in this realization is approximately v0�t ∼ 4 mm

of about 10◦ (though this may underestimate the cone angle given that the pressure
is presumably highest directly below the rod).

These data suggest that the timing of the 2nd peak in the rod acceleration (or
equivalently the timing of the first peak on the force sensor below) can be inter-
preted as the time t∗ required for the front of a solid-like column to grow from the
suspension surface to the bottom boundary. By measuring t∗ at several different
H (as we did in Fig. 2.5), we can plot the trajectory of the solidification front as it
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Fig. 2.8 Trajectory of solidification front. Time of the second peak of the rod’s acceleration t∗
versus suspension fill height H for impact velocities v0 = 0.49 ± 0.04 m/s (squares) and 0.9 ±
0.1 m/s (diamonds)

develops, as in Fig. 2.8. Close inspection of these data reveals two points. First, higher
impact velocities produce fronts that travel with higher initial speeds. Second, these
trajectories have the same qualitative features of the rod trajectories, i.e. two straight
line regions connected by a soft bend (see for example Fig. 2.3c). What’s more, the
timing of the bends in the front trajectories (∼10–15 ms) is very close to the timing
in the trajectories of the rod itself.

The resemblance of the rod trajectory in Fig. 2.3c and the front trajectory in Fig. 2.8
suggests that the growth of the solid may be related to the displacement of the rod.
To test this directly, we plot the size of the solidified region h f at t∗ versus the
distance travelled by the rod at the same instant z∗

r in Fig. 2.9 for the same data as in
Fig. 2.8. (Note the position of the front below the original surface at t∗ is z f = −H .
More often, we will refer to the vertical extent of the front h f = H − z∗

r .) Doing so
collapses the data for the two different impact speeds onto what is nearly a straight
line of given by h f = kz∗

r with k ≈ 12.2. We define the proportionality constant k
as the relative front growth rate of the suspension. Throughout the rest of this thesis,
we will refer to k often as it turns out to be an important parameter for characterizing
the suspension behavior.

Going back to Fig. 2.7, we can use the rise time in the force measured on the
container bottom to estimate the width of the solidification front. As the figure shows,
�t ∼ 1.5 ms. Given that the front crashes into the bottom with the speed of the rod,
its width is approximately vr�t ∼ 4 mm. This shows that, relative to the size of the
solidified column or even the size of the rod, the solidification front can be extremely
well-defined. (As we will show in this chapter and Appendix B, the front width may
depend on both the particle packing fraction and the viscosity of the suspending
liquid, though we did not experimentally probe these dependencies in great detail.)

These behaviors are reminiscent of shocks in granular systems above jamming
[32, 33] or solidification fronts in supercooled glass-forming liquids [34–37].
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Fig. 2.9 Solid growth versus rod motion. a Cartoon of solid growth below impact site. b Vertical
extent of solidified region hf at instant front hits container bottom plotted against distance below
surface travelled by rod at same instant z∗

r for impact velocities v0 = 0.49◦ æ 0.04 m/s (squares)
and 0.9◦ æ 0.1 m/s (diamonds). Fit is of the form hf = kz∗

r with k = 12.2

However, with granular shocks above jamming the front propagates through an
already-jammed medium and its speed is governed by elastic energy stored in par-
ticles [32, 33]. Although supercooled liquids, like the system here, are initially
unjammed, their solidification fronts propagate at a constant, thermodynamically
favored speed [37]. The data in Fig. 2.9 show that the fronts here seem to work like a
“snowplow”, where the extent of moving snow (suspension) is proportional to how
far the shovel (rod) has pushed. As will be shown in this chapter and Chap. 3, this
behavior can be tied to jamming of the initially unjammed particle sub-phase as it is
compressed by the impacting rod.

http://dx.doi.org/10.1007/978-3-319-09183-9_3
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2.5 Surface Dynamics

The previous section describes what happens directly below the impact site, but it
is not immediately apparent how this relates to the features seen on the suspension
surface (e.g. Fig. 2.2). Qualitatively, one can argue that the solidified region must
cause this surrounding suspension to flow because the lubrication forces described by
Eq. 1.2 act as a kind of “glue” between the closely packed particles. In order measure
the depression dynamics, we shine a laser sheet across the suspension surface in
the field of view of the high speed camera, as in Fig. 2.10. This allows us to make
space-time plots of the depth of the surface depression zs versus radial coordinate r
and time t . A typical result is shown in Fig. 2.11. This plot shows more clearly how,
for the region to the left of the dashed line in Fig. 2.4, the rod pushes the suspension
surface down rather than penetrating into it (note the continuous color spectra across
the dashed line indicating the rod/suspension boundary). The plot also shows how
regions outside of the depression (i.e. beyond the zs = 0 mm contour in the blue area)
actually swell upward slightly to conserve volume. Interestingly, the trajectory of the
zs = 0 mm contour, like the solid front below the rod, is approximately proportional
to the total distance travelled by the rod (and with a proportionality factor very close
to the relative front growth rate, k = 12.2, as indicated by red dashed line in the
figure).

2.6 Displacements of Suspension Interior

In order to see what happens inside the suspension, we used a C-arm dental X-ray
(Orthoscan High Definition Mini C-Arm, Model 1000-0004) to take video (30 frames
per second) of a tracer particles in a vertical plane of the suspension interior directly
below the impact site, as shown in Fig. 2.12a. (For technical reasons, we had to make
a few changes from the setup in Sects. 2.2–2.4. These changes slightly altered the rod
dynamics, as discussed in Appendix B. Even so, the salient features of the impact
process remained the same.) The tracer particles consisted of small metal objects
(e.g. metal spheres, nuts, screws, bolts, nails, and washers) that slowly sank into (and
then out of) the field of view of the X-ray apparatus. While the tracers were in the field
of view, we released the rod in free-fall from a fixed height allowing it to impact into
the suspension (v0 ≈ 0.5 m/s) while simultaneously capturing X-ray video. Given
the frame rate was limited to 30 frames per second and the typical impact only lasts
∼20 milliseconds, these videos give a “before and after” look into the suspension.
As the field of view of the X-ray videos was limited to ∼5 × 5 cm2, we took videos in
four separate regions (the boundaries of which can be seen in Fig. 2.12b) and stitched
them together.

We used particle imaging velocimetry (PIV) to determine the displacement field of
the suspension interior for each video (code in Mathematica written by Justin Burton).
Sinking made it difficult to load the tracer particles uniformly, and it was necessary to

http://dx.doi.org/10.1007/978-3-319-09183-9_1
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Fig. 2.10 Laser sheet measurements of surface depression. a A laser sheet is used to generate a
bright line on the suspension surface in the field of view of the camera. b Image of laser line on
surface just before impact. Rod is outlined in green. c Image of laser line on surface about 15 ms
after impact
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Fig. 2.11 Space-time plot of surface depression. Depth of surface depression zs (color axis) ver-
sus radial coordinate r and time t (with parameters η = 1.0 cP, φ0 = 0.49, and v0 = 0.49±0.01 m/s).
The blue part of the figure corresponds to regions outside the conical depression (not there is slight
upswell in this region to conserve volume). The black dashed line indicates the boundary between
the rod and suspension, and the smooth color gradient across this line indicates the rod does not
penetrate but instead pushes the surface downward. Contours are drawn for every 1 mm. The red
dashed line corresponds to the rod trajectory multiplied by factor k = 12.2, the same factor found
for the solid growth below the rod

take several videos in each field of view, ignore the PIV data corresponding to regions
that lacked particles, and then average the results from different videos together to fill
in the gaps. A final displacement field is shown in Fig. 2.13. The first striking feature
of these data is the large region of suspension that moves downward, extending
approximately 6 cm below the rod and 5 cm to the side (red to green in the figure).
What makes this especially remarkable is that all of this movement is a result of
the rod moving a mere 5 mm below the original surface level. To the side of this
downward moving region, the PIV data make it clear that the suspension flows
upward. As mentioned in Sect. 2.4, where the same upward motion was seen with
the laser sheet measurements (Fig. 2.11), this must occur because the suspension
as a whole is incompressible and the vacated volume of the depression has to be
compensated for by an upswell on the periphery. These observations give a quick,
qualitative answer to how the rod is slowed down during impact. In brief, even a very
small amount of rod motion creates a vastly larger region of flow in the suspension.
The mechanism for the slowing of the impactor is the transfer of momentum to this
growing, moving region.

The PIV data also provide a second opportunity to quantitatively confirm the
relationship between the growth of the solid front relative to the displacement of the
rod. We start with the following simple assumption: if a segment of suspension has
been solidified, it moves rigidly with the rod, whereas if it has not been solidified then
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Fig. 2.12 X-ray measurements of interior dynamics. a X-ray emitter shines through suspension
toward detector. The plane of the suspension directly below the impacting rod is laden with metal
particles to act as tracers in the X-ray video. b X-ray image of tracer particles in the suspension
interior just after rod strikes the surface at v0 ≈ 0.5 m/s. Note that the container extends equally
to the right and left of the rod, but imaging was performed primarily to the right side, hence the
asymmetry in the figure
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Fig. 2.13 Suspension interior displacement field. Displacement field of suspension in a plane
directly below impact site calculated via particle imaging velocimetry (PIV) of X-ray images taken
before and after impact. The large downward moving region (red to green in the figure), which
extends nearly 6 cm below and away from the rod, develops after the rod itself moves only ∼5 mm.
Outside of this downward moving region, the suspension moves upward to conserve volume globally

it does not move all. If the rod moves a total distance |zr | beyond the original surface
between two X-ray images, then the edge of the front will reach a depth |zr |(k + 1)

below the surface, so beyond this depth all displacements �z should be zero. Above
this depth, a segment of the solidified column at depth |z| will move however far the
rod moved after it was picked up, i.e.

|�z | = |zr | − |z|
k + 1

. (2.2)

In Fig. 2.14 we plot the vertical displacements |�z | of the suspension below the rod
as a function of |z|. The data have the qualitative shape predicted by Eq. 2.2, starting
out by decreasing linearly and then coming to (nearly) zero displacement. Fitting the
linear region to Eq. 2.2, we find |zr | = 5.0 ± 0.2 mm and k = 13.1 ± 0.9, very close
to the value found from varying the suspension height H (Fig. 2.9).
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Fig. 2.14 Vertical displacements of suspension directly below impact site. Experimental data (dia-
monds) and model prediction (black line). As discussed in the text, the “snowplow” model for
solidification predicts that the displacements should be zero beyond the distance |z| = (k + 1)|zr |
and should decrease like |�z | = |zr | − |z|/(k + 1) before this distance. Fitting to this proposed
form gives the relative front growth rate k = 13.1 ± 0.9, close to the value found in Sect. 2.2

2.7 Added Mass Model for Impact

The results of the previous three sections paint a picture in which the seed of the
suspension response to impact is the dynamic growth of the solid below the impact
site. As this solid grows and is forced to move with the rod, it causes flow in the
surrounding, still liquid-like suspension. The interplay between this growing region
of moving suspension and the slowing of the rod is the competition mechanism
responsible for the observed peaks in the rod deceleration. We can capture the essence
of this behavior using the concept of added mass, as is frequently done for surface
impact in regular liquids [2, 4, 38]. The key idea is to think of the impact as an
inelastic collision between the rod and a growing mass, ma . The rod dynamics are
captured by force balance:

(mr + ma)ar = dma

dt
vr + Fext . (2.3)

where Fext accounts for other forces not associated with momentum transfer to the
added mass, e.g. the force of gravity on the rod mrg and the buoyant force from the
displaced liquid in the depression (from Fig. 2.5, this is ∼ 1/3πg(rr + k|zr |)2|zr |).
With normal liquids, ma is typically limited by the density of the liquid and the
size of the impactor, for example, ma < C(4/3)πρl(rr )

3 for the impact of a disk of
radius rr into a liquid of density ρl [2]. The factor C is the “added mass coefficient”
and accounts for the fact that the liquid does not actually move like a solid object
(consequently, C is typically less than 1). The suspension is capable of responding
so dramatically because the solidification below the rod leads to rapid, effectively
unlimited growth of ma . We can estimate its size from Figs. 2.9 and 2.11, which
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Fig. 2.15 Comparison of added mass model with experimental results. Experimental (left column)
and numerical (right column) results for acceleration (a), velocity (b) and position (c) of rod
impacting into suspension with η = 1.0 cP, φ0 = 0.49, and impact velocities v0 = 1.50 m/s
(solid line), 1.18 m/s (dots), 0.96 m/s (small dash), 0.63 m/s (large dash) and 0.28 m/s (alternating
small/large dash). Numerical results are Mathematica solutions to Eqs. 2.3 and 2.4 with parameters
mr = 0.368 kg, k = 12.5, rr = 0.93 cm and ρs = 1295 kg/m3 and initial conditions vr (0) = −v0
and zr (0) = 0

show that the impact creates substantial flow in a region that extends k|zr | below
and radially away from the rod. Approximating these points as bounding a cone-like
region gives ma the form:

ma = C
1

3
ρsπ(rr + k|zr |)2k|zr |, (2.4)
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where ρs is the density of the suspension. Using this in Eq. 2.3 with the initial condi-
tions vr (0) = −v0 and zr (0) = 0 allows us to solve numerically for the rod dynamics.
With the average measured value for the relative front growth rate (k = 12.5) and
leaving the coefficient C as the only adjustable parameter, this minimal model repro-
duces the important features impact response surprisingly well over the whole range
of initial velocities tested (Fig. 2.15). We find the best agreement for C ≈ 0.37,
similar to what is encountered for disk impact into regular liquids [4]. (In Appendix
C, we extract ma directly from our data and confirm the scaling with |zr | as given by
Eq. 2.3. In Appendix D, we show how similar behaviors can arise if the growing solid
column below the rod experiences viscous drag from the surrounding suspension.)
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