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We experimentally characterize the structure of concentrated suspensions of cornstarch and water
in response to impact. Using surface imaging and particle tracking at the boundary opposite the
impactor, we observed that a visible structure and particle flow at the boundary occur with a delay
after impact. We show the delay time is about the same time as the the strong stress response,
confirming that the strong stress response results from deformation of the dynamically jammed
structure once it spans between the impactor and a solid boundary. A characterization of this
strong stress response is reported in a companion paper (Maharjan, Mukhopadhyay, Allen, Storz, &
Brown, Phys. Rev. E xxxxxx, 2018). We observed particle flow in the outer part of the dynamically
jammed region at the bottom boundary, with a net transverse displacement of up to about 5% of
the impactor displacement, indicating shear at the boundary. Direct imaging of the surface of the
outer part of the dynamically jammed region reveals a change in surface structure that appears the
same as the result of dilation in other cornstarch suspensions. Imaging also reveals cracks, like a
brittle solid. These observations suggest the dynamically jammed structure can temporarily support
stress according to an effective modulus, like a soil or dense granular material, along a network of
frictional contacts between the impactor and solid boundary.

Discontinuous Shear Thickening (DST) suspensions
exhibit a remarkable effect in which the suspensions be-
have like typical liquids at low shear rates, but when
sheared faster the resistance to flow can increase discon-
tinuously with shear rate [1, 2]. This effect has been ob-
served in a large variety of concentrated suspensions of
hard, non-attractive particles, and is inferred to be a gen-
eral feature of such suspensions [1–4]. DST suspensions
also support large stresses under impact, one example of
which is the ability of a person to run on the surface of
a pool filled with a suspension of cornstarch and water
[2, 5]. The impact response of such fluids is of practi-
cal interest for impact protection gear because of their
strong response during impact while remaining fluid and
flexible otherwise [6, 7]. The purpose of this paper is to
characterize the internal structure of the suspension that
leads to the strong impact response, to aid in developing
models. A companion paper focuses on characterizing
the stress response [8].

Recently it has been found that a ‘dynamically
jammed’ region forms ahead of the impactor in the fluid,
which moves along with the impactor like a plug [9].
The dynamically jammed region grows during the im-
pact, with a front propagating away from the impactor
[9–11]. There is a sharp velocity gradient at the front,
which separates the dynamically jammed region from the
surrounding fluid [10]. In a two-dimensional dry granu-
lar experiment the front velocity and width diverge at
the same critical packing fraction as the viscosity curve
of DST suspensions [12]. While the dynamically jammed
region is propagating in the bulk, it is argued to exhibit
no significant change in packing fraction [11]. Although it
is presumed that this dynamically jammed region trans-
mits stress via solid-solid frictional contacts, evidence of
this is lacking.

When the dynamically jammed region reaches the
boundary, the stress increases beyond the prediction of
the added mass effect [10]. In a companion paper to
this one, we report a phenomenological constitutive re-
lation between stress and strain for the impact response
[8]. We find that when the dynamically jammed region
(as defined by its contribution to the added mass effect)
propagates to the boundary, the stress increases rapidly
beyond the added mass effect, reaching up to the order
of MPa [8]. It is not yet known what is responsible for
the stress scale on the order of MPa, yet it is 3 orders
of magnitude larger than steady state shear in rheometer
experiments. In rheometer experiments, the scale of the
maximum shear stress supported in the shear thickening
regime is limited by surface tension at the suspension-air
boundary in response to dilation, and transmitted via
frictional contacts [3]. Whether there is any similarity in
the force transmission mechanism between steady state
shear and impact response remains to be seen.

In this paper, we propose the hypothesis that the dy-
namically jammed region could support a compressive
load that is transmitted via frictional interactions across
the system when the dynamically jammed region spans
from the impactor to a solid stationary boundary. This
assumes that the solid boundaries are much harder and
have much more inertial mass than the fluid, so the rel-
atively soft dynamically jammed region will deform as it
crashes into the stationary solid boundary. The system-
spanning dynamically jammed region could then tem-
porarily support a load as it deforms according to its
effective stiffness, perhaps strong enough to support a
person running on the surface.

To test this hypothesis and characterize the structure
of the dynamically jammed region, we perform impact
experiments while imaging and tracking particles at the
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boundary. In our experiments, the impactor is driven far
enough into a suspension to see the dynamically jammed
region interacting with the boundary, in contrast to pre-
vious experiments which probed mainly the response of
the bulk [9–12], but not so close to the boundary to
be affected by short-range boundary effects (i.e. within
≈ 3 mm) [13]. Our experiments are at impact veloci-
ties faster than quasistatic compression, so that dynami-
cally jammed fronts can exist, but at speeds slow enough
that inertial effects [14, 15] including added mass [9] and
high Mach number effects [16–18]) are negligible. This
intermediate velocity regime is where the steady-state
DST transition occurs (typically at flow velocities <

∼ 10
mm/s in rheometers [19]), but surprisingly, systematic
force measurements have not yet been reported in this
regime as far as we know.
The remainder of the paper is organized as follows.

The materials and methods of suspension impact exper-
iments are explained in Sections I and II, respectively.
In Sec. III A we show images at the boundary of the sus-
pension that reveal structural changes in the dynamically
jammed region that appear to be a consequence of dila-
tion. In Sec. III C, we present particle tracking measure-
ments at the boundary to identify where particle flow
and shear occurs. In Sec. III D we compare the timing
of the stress increase with that of the onset of motion
of tracked particles at the boundary to confirm that the
the stress increase is a consequence of the dynamically
jammed region spanning between solid boundaries.

I. MATERIALS

The suspensions were made of cornstarch purchased
from Carolina Biological Supply, and tap water near
room temperature. Weight fractions φ for cornstarch
and water were measured as the weight of the cornstarch
divided by the total weight of cornstarch plus water.
Weight fractions of cornstarch and water are very sen-
sitive to histories of temperature and humidity [20], so
different data sets taken with relative humidity ranging
from 8% to 54% are not directly comparable. To avoid
misinterpretation from false comparisons, we do not re-
port weight fractions for different experiments. All sam-
ples nominally had weight fractions from 0.53 to 0.61, in
a range where they all exhibited noticeable shear thick-
ening when stirred by hand. For data sets represented
in a single plot, the experiments were taken over a short
enough time period to have a humidity standard devia-
tion of 6%. Measurements were made at a temperature of
22.0± 0.6◦C. The density of the suspensions is 1200± 20
kg/m3 [8].
Samples were initially mixed on a vortex mixer un-

til no dry powder chunks were observed. Before each
impact measurement, samples were additionally stirred
by slicing through them at least 5 times with a spatula
at velocities low enough to avoid significant cracking of
the suspension and prevent large air bubbles from be-
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FIG. 1. Schematic of the experimental setup (side view).
Measurement are made of the mean normal stress τ on the
impactor as a function of impactor depth z and impactor ve-
locity VI . This can be done simultaneously with imaging of
the top, bottom and side boundaries of the suspension.

ing trapped inside the suspension. This additional stir-
ring helps counter any systematic effects of settling or
compaction from previous experiments. This procedure
produced a level of reproducibility of±30% in stress mea-
surements, equivalent to what we could achieve by mak-
ing new samples before each measurement. If instead we
did not stir between measurements or we forced air bub-
bles to get trapped in the suspension, the stress varied
by around a factor of 2 from run to run.

II. METHODS

We performed experiments to visualize the boundary
of the suspension to observe the dynamically jammed re-
gion, while simultaneously measuring forces in response
to impact. We used a high-speed camera (Phantom
M110) to image the suspension boundaries through a
transparent acrylic container with a square base, and
containing a suspension of cornstarch and water, as
shown in Fig. 1. The top, bottom, and side bound-
aries can all be observed using mirrors. In most experi-
ments (unless otherwise stated), a cylindrical aluminum
impactor of diameter D = 12.7 mm was pushed into a
container with a square base of length 106 mm, with the
suspension filled to a height H = 42 mm. These dimen-
sions are such that the region of interest below the im-
pactor is far from the sidewalls of the container. The im-
pactor surface unintentionally had a slight wedge shape,
which was angled at 4◦ relative to the surface. This can
be seen to produce some asymmetry in displacements
measured in Sec. III C. We used an Instron E-1000 dy-
namic materials tester to push the impactor into the fluid
at constant velocity VI , while measuring the normal force
on the impactor as a function of depth z from the free
surface of the suspension (downward positive). The nom-
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inal relative position resolution within each run is 1 µm.
We define z = 0 and time t = 0 at the top surface of
the suspension, with an uncertainty of 0.5 mm. The im-
pactor started at a height typically 5.0 ± 0.5 mm above
the suspension surface and was pushed to a final posi-
tion typically within 10% of the bottom of the container.
While the impactor had a set point constant impact ve-
locity VI , it had to accelerate at the beginning and end
of the test. This resulted in a standard deviation of the
velocity of the impactor of typically 11% while z > 0.
We measured a mean normal stress τ on the impactor.
Calibration of stress measurements and their results are
explained in the companion paper [8].

III. RESULTS

A. Quasi two-dimensional visualization

To observe the growth of the dynamically jammed re-
gion, we first show a side view of a quasi two-dimensional
version of the apparatus in Fig. 2a. This experiment is
designed for qualitative observation only. A solid rect-
angular impactor of width 57.1 mm and thickness 5 mm
was pushed into a suspension at VI = 100 mm/s in an
8 mm thick cell. We observed a lighter-shaded region,
indicative of some kind of change in surface structure,
roughly semi-circular in shape, which first appears near
the impactor and grows as its front propagates outward
faster than the impactor. This front propagation can be
observed in Supplementary Video 1 which is played back
at 0.1 times real time. This light region appears to be the
dynamically jammed region proposed by Waitukaitis &
Jaeger [9], with propagation similar to that found by [10].
The change in reflected light off the surface indicates a
change in surface structure. Cracks can be seen as bright
spots due to the image being mostly backlit, which have
been observed previously at the surface of DST suspen-
sions [21]. In repeated experiments we observed that the
cracks can appear in different places, preferentially start-
ing at the sharp corners of the impactor or at its sides.
The cracks never propagate outside of the dynamically
jammed region past the propagating front. This indicates
that the dynamically jammed region has some character-
istics of a brittle solid, as proposed by Waitukaitus &
Jaeger [9] while the outer region remains fluid-like.
The lighter-shaded portion of the dynamic jammed re-

gion in Fig. 2 appears matte or rough to the naked eye.
The image and video appear very similar to what is seen
when a suspension of cornstarch and water dilates under
shear (Fig. 11 of [3]), tension (Fig. 3 of [22]), or compres-
sion (Fig. 1b of [21]), or when a person steps on the wet
sand at the beach that a wave has recently passed by. Di-
lation is a common result when dense granular flows are
sheared, in which the particles push around each other
and the packing expands, while the voids between par-
ticles enlarge. The rough surface appearance is the re-
sult of particles poking through the liquid-air interface
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FIG. 2. (a) A side view shows the dynamically jammed region
ahead of the impactor in a quasi-2-dimensional experiment.
The dynamically jammed region grows over time as its front
propagates ahead of the impactor towards the bottom of the
image. Fractures inside this region suggest it has some char-
acteristics of a brittle solid. (b) zoomed in view of the region
ahead of the impactor in a similar experiment before impact.
(c) same view as panel b, but after impact, so that the view
is of the dynamically jammed region. The surface appears
rougher, which may be due to particles poking through the
surface as a result of dilation.

of the suspension at the visible surface, while the liquid
retreats into the interior to fill the larger voids opened by
the dilating particle structure. Cornstarch particles are
too small to be seen individually by the naked eye, but
scatter reflected light in different directions like a rough
surface [3, 23]. The lighter shading in Fig. 2a is expected
as the result of the light reflecting off the surface being
mostly indirect, so more light is scattered back to the
camera by the rough surface.

To more clearly show the change in surface structure,
we took a zoomed-in video of the lighter-shaded portion
of the dynamically jammed region in a similar experi-
ment. Snapshots of a 13 mm square region are shown
before the impact in Fig. 2b, and after the impact in
Fig. 2c, so that the latter view is of the dynamically
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jammed region. The surface of the dynamically jammed
region scatters light more diffusively, indicating a rougher
surface. Supplementary Video 2 shows a few square cen-
timeter section at the wall in the lighter-shaded region
behind the front before, during, and after impact, played
back at 0.1 times real time. Initially the quiescent surface
has a uniform reflectivity, indicating it is smooth, except
for some trapped bubbles air that are on the order of
1 mm in size (some can also be seen in Fig. 2b), much
larger than individual particles. After flow starts (2 sec-
onds into the video), the surface appears rough. During
this time, the macroscopic air bubbles disappear, likely
as a result of dilation of the particle packing, and liquid
can be seen to be drawn away from the wall, resulting
in air pockets between the suspension and the wall. The
rough appearance of the surface is expected if particles
poke through the liquid-air interface as a result of dilation
[3]. Note that the presence of the container wall affects
the quantitative values of interfacial tensions, but is not
expected to prevent the liquid from drawing away from
the surface and being replaced by air (which could be
drawn from nearby trapped air bubbles, dissolved gas in
the water, or cavitation). After the impactor stops (7 sec-
onds into the video), the dynamically jammed region is
seen to retreat and the surface reflectivity becomes more
uniform again. Air bubbles are observed to reform out
of the rough patches during this relaxation, confirming
that there was air in between the suspension and the wall
during impact in the rough-looking regions. This surface
change which appears to us to be a result of dilation is
in contrast to the bulk propagation of the dynamically
jammed region, where it is argued to exhibit no decrease
in packing fraction [11].

B. Visualization at the boundary of a

three-dimensional system

In order to see how this dynamically jammed region
behaves in a 3-dimensional system, we imaged a front-lit
suspension at the bottom boundary of the square-base
container described in Sec. II with a high-speed camera
at up to 1000 frames per second. An example is shown
in Fig. 3a at the maximum penetration depth of z = 39.5
mm (2.5 mm from the bottom boundary) for VI = 396
mm/s. We observed a localized change in intensity of
reflected light on the bottom boundary, in a roughly an-
nular shape centered directly below the impactor, about
3 to 4 times the radius of the impactor. Just outside the
impactor radius, this structure appears similar to the ob-
servation in Fig. 2, suggesting that this is the dynami-
cally jammed region, and may be the result of dilation.
We observed cracks, which appear dark in this case be-
cause they do not extend through the entire suspension.
They only form if τ > 4 × 106 Pa, but did not appear
systematically. Moreover, the pattern is not always sym-
metric. Such a stress could correspond to the ultimate
strength of a solid-like material. Finally, there is also a

(b) impactor

flow/
dilation no flow
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12.7 mm

FIG. 3. (color online) A picture showing the dynamically
jammed region at the bottom boundary of the suspension
centered below the impactor. The impactor outline is indi-
cated by the dashed circle of diameter D = 12.7 mm. (b)
A schematic (not to scale) identifying corresponding proper-
ties of the dynamically jammed region when it spans from
the impactor to the opposite boundary. A dead zone with no
particle flow is found on the bottom boundary with roughly
the diameter of the impactor. A surrounding cylindrical re-
gion exhibits particle flow, apparent dilation, and sometimes
cracking. Red arrows illustrate that a confining stress on the
sides of the dynamically jammed region is required to support
a compressive load on the impactor via a system-spanning
frictional contact network.

central circle about the same size as the impactor with
a less noticeable intensity change indicating a different
structure in the center.

The time evolution of the bottom boundary image can
be seen in Supplementary Video 3, which is played back
at 0.05 times real time. The dynamically jammed region
appears with a delay after impact, similar to the stress
response [8]. It appears first directly below the impactor,
and grows radially outward. After the impactor stops,
the outer edge of the lighter region gradually retreats as
the suspension returns to its liquid-like state over about
1 s.

In addition to the observations at the bottom bound-
ary, we also observed a similar change in reflected light
intensity on the top surface near the impactor, in agree-
ment with previous observations [21]. At the sides of
the container we observed no intensity change in the ex-
periments whose data is presented in this paper and in
the companion paper [8]. These observations suggest a
columnar dynamically jammed structure spanning from
the impactor down to the bottom boundary as illustrated
in Fig. 3b. The column has a nearly circular cross-section
at the bottom (Fig. 3a), and at the top [21]. We do not
have enough information to specify how the diameter of
the column varies with depth.

We also performed experiments where the impactor
was closer to the sidewall as in Fig. 2. In this case we
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observed the same visual change at the sidewall as at the
top and bottom boundaries. This is expected as the dy-
namically jammed region propagates not only below the
impactor but also to the sides [10, 11]. In these cases we
observed that the stress increased sharply with a delay,
about the same time as it took to observe the dynamically
jammed region at the side boundary, but shorter than it
took for the dynamically jammed region to reach the bot-
tom when the impactor was further from the side walls.
This indicates that in such geometries the sidewalls may
support the load, similar to other dense granular systems
[24].

C. Particle tracking

To determine how much compression and/or shear is
in the dynamically jammed region, we included tracer
particles in the suspension during the stress measure-
ments shown in Fig. 2 of [8]. In those measurements
there was a delay before the stress increased above a
weak background, and reached up to the order of MPa.
The tracer particles were iron-oxide particles of diameter
a = 0.12± 0.02 mm. These are heavy and large enough
to settle on the bottom boundary and be visible there.
On the other hand, they are still small enough to act as
tracer particles as it should only take a shear stress of
∼ ρga ≈ 5 Pa to overcome friction with the base and
move them. This can be achieved even if a tiny fraction
of the ∼MPa normal stress on the impactor is transferred
into shear stress at the bottom.
We tracked particles using the ImageJ multitracker

plugin. To filter out false tracks, usually due to the
tracking algorithm picking up different particles at dif-
ferent locations but falsely identifying them as the same
particle, we threw out tracked particles that in one frame
moved more than a threshold distance, which we varied
from 0.25–0.60 mm from run to run. While we set this
to ensure eliminating all false tracks, it also resulted in
throwing out some real particles corresponding to those
that moved the furthest over the course of the experi-
ment, so the following results underestimate the number
of particles that moved between 2-6 mm over the course
of the experiment.
We calculated the magnitude of the radial component

of displacement dr of each particle as a function of time
t. From that we calculated the net radial displacement
dr,n measured from the beginning of the video (before
impact) to the time the impactor reached its maximum
depth. An example field map of the net radial displace-
ment dr,n is plotted in Fig. 4 at VI = 114 mm/s (This
happens to be the same data set shown in Fig. 2 of [8]),
where the maximum impactor depth was z = 34 mm.
The points are plotted at the starting position of each
particle in the x-y plane on the bottom boundary, where
the point on the impactor axis is used as the origin of
the x-y plane. No significant negative values of dr were
found, indicating the particle flow was moving outward
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FIG. 4. (color online) A displacement field showing each par-
ticle tracked at the bottom boundary of the suspension for
VI = 114 mm/s. The color legend indicates the net radial
displacement dr,n of each tracked particle. The circle indi-
cates the outline of the impactor. All particles moved out-
ward radially from the axis of the impactor, which is used
as the origin of the coordinate system. A dead zone with no
particle motion is observed directly below the impactor.
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FIG. 5. (color online) The net radial displacement dr,n of each
tracked particle over the course of the impact as a function of
its initial radius r. Different impact velocities VI are indicated
in the legend. The vertical line indicates the impactor radius.
The dead zone at the center is similar at all impact velocities.
The gradient indicates about a 5% compressive strain in the
radial direction, and thus also shear within the system.

radially from the origin, as might be qualitatively ex-
pected in a fluid as material is displaced away from the
impactor to create a circulating flow. The field map of
dr,n is close to, but not quite, radially symmetric. This
asymmetry may be due to the slight wedge shape of the
impactor which was angled at 4◦ relative to the surface
for this set of experiments.
The same data for the net radial displacement dr,n
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over the course of the impact is plotted as a scatter plot
in Fig. 5. A point is shown for each particle tracked as a
function of the initial particle radius r, where r is mea-
sured from the origin on the axis of the impactor. Data
for different VI are shown, and observed to have a similar
profile. There is a large scatter in the data, despite the
smoothness of the variation between neighboring points
in the field map of Fig. 4. Rather, the scatter in Fig. 5
is due to the radial asymmetry of the pattern in Fig. 4.
Note that our filtering method tends to cut out particles
with dr,n ranging from 2-6 mm, so this plot may under-
estimate the number of particles in this range of dr,n.

In Figs. 4 and 5, a dead zone with no significant parti-
cle motion is observed directly below the impactor with
a radius of 10 to 15 mm, about twice the radius of the
impactor. The dead zone is a feature that would not oc-
cur in a Newtonian fluid, which would only be expected
to have an infinitesimal stagnation point at the center
of the image. Rather, such a dead zone is common in
granular flows [25]. While the particles may not be mov-
ing noticeably in the dead zone, it is still expected that
the contact forces fluctuate rapidly and irregularly due
to the particle motion at the boundary of the dead zone,
transmitting forces in a similar way as the flowing por-
tion of the dynamically jammed region, rather than a
static force distribution like statically jammed systems.
The sharp increase in dr,n at the edge of the dead zone
indicates a strong shear (shear strain is equal to the gra-
dient of displacement) at the interface of the dead zone
and the outer portion of the dynamically jammed region,
and a well-defined boundary between two flow regimes.
This shear profile is in contrast to previous measurements
taken at times before the dynamically jammed region
spans to the boundaries, where it was found that the
low-shear plug-like region is relatively large compared to
the region of strong shear, and the shear increases grad-
ually and monotonically moving away from the center of
the dynamically jammed region [9–11]. It is unclear yet if
this difference in profile is due to the particular geometry
and boundary conditions of the different experiments, or
is a consequence of the dynamically jammed region col-
liding with the solid boundary to generate shear-bands.

Figure 6 shows the time dependence of the radial dis-
placement 〈dr〉 for VI = 114 mm/s averaged over many
particles in different ranges of initial r. The bottom sur-
face shown in Fig. 4 is divided into concentric annuli of
width 0.7D/2, and displacements dr are averaged for all
particles that started within each annulus. Time series
for each annulus are referred to in the legend by their
mean radius r. At each radius there is a delay before
a significant increase in 〈dr〉, similar to the delay in the
stress response to impact in the same experiment [8]. In
Fig. 6, it can be seen that all of the curves for r < 8D/2
increase above the background at the same time, so the
delay time is independent of r. For larger r, this delay
time increases with r. At the end of each experiment,
the impactor decelerated rapidly to a stop. For example
in Fig. 6, this rapid stop is responsible for the kink seen
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FIG. 6. (color online) The radial displacement 〈dr〉 averaged
over all tracked particles as a function of time t at VI = 114
mm/s. Particle displacements are averaged in bands of differ-
ent initial radii r shown in the key, in units of impactor radii.
Upper curves tend to correspond to smaller r as long as they
are outside of the dead zone (solid symbols). Inside the dead
zone, upper curves correspond to larger radii (open symbols).
A similar delay time is observed before any displacement at
each radius. The displacement levels off when the impactor
comes to a stop (t = 0.36 s).

in each curve at t = 0.36 s. At this time, the load on
the impactor reached its peak value, the impactor veloc-
ity dropped to 50% of its set point VI , and the impactor
was within 8% of its final displacement. After this rapid
impactor deceleration, the radial particle displacement
〈dr〉 leveled off. This indicates minimal flow after the
impactor stopped.
The net transverse displacement 〈dr,n〉 just outside the

dead zone was only about 5% of the displacement of
the impactor after the delay time, i.e. after the parti-
cles started moving. The strain in the radial direction
can be calculated as the gradient in Fig. 4, which yields
around 5% compressive strain in the outer part of the
dynamically jammed region, but much more significant
local strain in shear bands at the boundary of the dead
zone and near the wall. Considering that there is com-
pressive strain in both the vertical and radial directions
indicates that the dynamically jammed region is not in-
compressible, and there must be shear strain in the sys-
tem. A stress transformation suggests the absolute max-
imum shear strain in a plane extending in the vertical
and radial directions is half the larger of the principal
strains, corresponding to a shear strain of 44% when the
impactor reaches its maximum penetration depth.
Compressive strain and shear can also be observed

based on the relative motion seen at the side of the
quasi-2-dimensional experiments shown in supplemen-
tary video 1, as in [10]. For example, by tracking features
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in the central region directly below the impactor, an aver-
age compressive strain around of 30% can be seen before
the impactor stops. On the sides of the impactor, shear
can be observed as the impactor moves down while the
cracks remain nearly still. This implies an average shear
strain on the sides of about 70%. While we can observe
an average strain and shear at the boundaries, we do not
have local information about values of shear strain in the
interior, which may vary around these averages.
By comparing the displacement measurements from

the particle tracking with the boundary visualization in
Fig. 3a, we can elaborate on the structure of the dynami-
cally jammed region, as illustrated in Fig. 3b. The outer
part of the dynamically jammed region exhibits parti-
cle flow and shear, as indicated by the particle tracking
measurements in Fig. 6. The shear in the dynamically
jammed region can lead to dilation, which can draw liq-
uid from the surface of the dynamically jammed region,
which appears to be the case in Figs. 2 and 3a. The
suggestion of dilation in the dynamically jammed region
when it spans between solid boundaries are in contrast
to what is claimed for the dynamically jammed region
before it spans between solid boundaries [11]. In the cen-
tral portion of the dynamically jammed region, directly
in front of the impactor on the opposite boundary and
with radius r <

∼ 0.7D, there is a different type of structure
where there is no particle flow, indicated by the particle
tracking measurements in Fig. 6.

D. Onset time comparison

In this section we compare the onset time of the par-
ticle motion at the bottom boundary (Fig. 6) with that
of the sharp increase in stress [8]. This will test the hy-
pothesis that this strong stress increase is the result of
the deformation of the dynamically jammed region once
it spans between solid boundaries.
To compare timings between stress and parti-

cle displacement, the particle tracking measurements
(Sec. III C) were taken simultaneously with the stress
measurements in Fig. 2 of our companion paper [8]. We
calibrate the timing between the video and stress mea-
surements by tracking a flag attached to the impactor.
We align the time at which the flag has moved 1 pixel in
the video with the time that the impactor has moved an
equivalent distance.
To determine the onset time for particle tracking, we

follow as closely as possible the algorithm for finding the
onset of the stress increase above the background in the
companion paper [8]. We start with the time-dependent
mean radial particle displacement 〈dr〉 averaged over all
particles at all radii from Sec. III C. We smooth 〈dr〉
uniformly over a range of ±0.5 mm in z to obtain 〈dr〉s.
In Fig. 7 we show representative time series of the simul-
taneous particle displacement 〈dr〉s (panel a) and stress
τ (panel b) for VI = 114 mm/s. The background from
buoyancy and the added mass effect is also shown as the
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FIG. 7. Simultaneous time series of particle displacement
and stress for VI = 114 mm/s. (a) Smoothed mean radial
displacement 〈dr〉s of tracked particles. (b) Stress τ . Solid
lines: background signals. Short dashed lines: threshold for
fitting. Long dashed lines: linear fit to the data above the
threshold, used to obtain onset time by extrapolating to the
background. Vertical solid lines: onset times Td and Tτ , re-
spectively, of signal increases above the background, with the
gray bands as uncertainties. Vertical dotted line: the time of
impact (t = 0). While both signals increase with a compara-
ble delay after impact, the stress increase occurs after particle
displacement is observed at the bottom boundary.

solid line in panel b for the stress data [8].

To identify the onset times, we fit each data set in
Fig. 7 after the signal first exceeds a threshold value [8].
The stress data from the simultaneous experiments is fit
as a function of depth z to Eq. 3 of the companion paper
[8] to include the background from added mass and buoy-
ancy. The particle displacement 〈dr〉s is fit directly as a
function of time, with a threshold value of 5σd, where σd

is the standard deviation of 〈dr〉s from the beginning of
recorded data to t = 0 when the impactor hits the sur-
face. We linearly fit both 〈dr〉s and τ starting from their
respective threshold values over a fixed range of 3 mm.
This fit range is larger than the typically 1 mm range
used in the companion paper[8], due to the larger noise
in the particle tracking data. Each fit is extrapolated to
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its respective background signal to obtain an onset time
Td for particle displacement or Tτ for stress. For par-
ticle displacement, the relevant background is the mean
value of 〈dr〉s for t < 0. For stress measurements, the
fits and extrapolation were done as a function of depth
z, since that was inferred to be the parameter that the
force depends directly on [8]. The raw data table with
both depth and time data was used as a lookup table to
convert the depth at which the extrapolated fit reached
the background signal to an onset time Tτ . Using the
raw data table for this conversion eliminates most of the
error from the variation in impact velocity VI over the
course of the experiment.

The solid vertical lines shown in Fig. 7 indicate the
best estimate of the onset time Td or Tτ for each case.
The gray bands are the error bars. The uncertainty on
Tτ comes from the uncertainty from the added mass ef-
fect, the possible range of the contribution of the back-
ground after Tτ , and the error from the extrapolation of
the fit of dτ/dz to the point of intersection as explained
in the companion paper [8]. The uncertainty on Td rela-
tive to its zero only includes the errors of the fits of 〈dr〉s
propagated to the point of intersection. We additionally
include the relative error between the two timings based
on the flag tracking on the error in Td only. This relative
uncertainty on Td includes the time between frames as a
time resolution, plus the time it takes for the impactor
to move the flag its first pixel distance to account for the
limited spatial resolution of the video, plus an error prop-
agated from the 0.5 mm error in position from smooth-
ing. The 0.5 mm absolute error on the position does not
contribute to a relative error on the timing between the
particle tracking and stress measurements because it is
the same systematic error in both cases, so is not shown
in Fig. 7. The relative timing error is the largest error
in Fig. 7, and the total error is 40% of Td at VI = 114
mm/s. Given this error, the delay before the onset of
tracked particle motion Td is still found to be smaller
than the delay before the onset of stress Tτ by more than
1 standard deviation.

To obtain more statistics for this comparison, we plot
Td and Tτ at different impact velocities VI in Fig. 8. The
errors shown are obtained the same way as those in Fig. 7.
The relative error between the two timings based on the
flag tracking is comparable to Td for larger VI as the onset
times approach the flag timing resolution. For VI ≥ 396
mm/s where the absolute timing error is larger than Td

we can only give an upper bound on Td, indicated by
the error bars overlapping with Td = 0 in Fig. 8. The
two delay times Tτ and Td correspond closely to each
other over the range measured, with a root-mean-square
difference between the onset times of 14% for VI ≤ 114
mm/s where Td is resolvable, while the onset times vary
over 3 decades. The stress increase usually occurs after
particle flow is observed, with the non-overlap of the sys-
tematic error bars (i.e. the resolution and the smoothing
error) no more than 2 standard deviations of the ran-
dom error (i.e. the fit errors) when Tτ is smaller than
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FIG. 8. Onset times Tτ for stress (open circles), and Td for
particle displacement (closed circles), measured in simultane-
ous experiments, as a function of impact velocity VI . The
onset times are consistent with the stress increase starting at
the same time or shortly after the particle motion starts, sug-
gesting that the sharp stress increase at time Tτ requires a
signal first be transmitted from the impactor to the bottom
boundary at time Td.

Td, while the non-overlap of the systematic errors is as
large as 8 standard deviations of the random error when
Tτ is larger than Td. These errors are statistically con-
sistent with the stress increasing at time Tτ equal to or
larger than the onset of particle motion at time Td. This
close correspondence in delay times, and usually slightly
larger Tτ than Td, indicates the large stress increase in
the impact response first requires the propagation of a
force signal from the impactor to the opposite bound-
ary large enough to initiate particle displacement at the
bottom. This close correspondence between stress and
particle tracking in Fig. 8 also confirms that this front is
the same as observed in quasi two-dimensional interface
tracking [10].

The small difference in onset times could indicate a re-
turn travel time is required for the force signal to travel
from the bottom of the container back up to the im-
pactor where the force sensor is located. If this were the
case, the relatively small difference between Td and Tτ

would suggest the return travel is faster than that of the
downward moving front, which is reasonable since on the
return trip the material is already in some way dynam-
ically jammed and would be expected to transmit force
more like a solid [26]. However, given the large measure-
ment errors compared to the difference between the two
delay times, we do not have the resolution to calculate
such a return travel speed with accuracy. At best we can
put a lower bound on the return speed that is at least a
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few times faster than the downward signal propagation.

IV. CONCLUSIONS

On impact into a suspension, a dynamically jammed
region appears in front of the impactor, and propagates
ahead of the impactor (Fig. 2). This is known to be
responsible for the added mass contribution to impact
response of suspensions [9]. We showed that the de-
lay before stress response is consistent with or follows
shortly after the onset of particle motion at the bottom
boundary (Figs. 6, 7, and 8). This demonstrates that
the strong stress response to impact on the order of 106

Pa [8] requires deformation of the dynamically jammed
region once it spans between solid boundaries.
We observed two different sub-regions of the dynami-

cally jammed region at the bottom boundary. This in-
cludes a dead zone about the same size as the impactor
cross-section with no particle flow in the central part of
the dynamically jammed region (Figs. 3a, 4, and 5). In
the outer part of the dynamically jammed region at the
bottom boundary, we observed particle flow with a net
displacement of up to 5% of the impactor displacement
(Fig. 5), indicating shear within the dynamically jammed
region. We observe a change in surface structure that ap-
pears to be the same as the result of dilation in a dense
granular suspension (Figs. 2, 3a). This dilation is in con-
trast to the dynamically jammed region as it propagates
through the bulk, where it is argued to exhibit no de-
crease in packing fraction [11]. The outer part of the dy-
namically jammed region also cracks like a brittle solid.
The stress on the order of 106 Pa [8] reached in the im-

pact response is so high that it implies that particles have
been pushed together beyond the point where lubrica-
tion models break down, leading to effectively frictional
interactions between neighboring particles where shear
stress is proportional to normal stress [8, 27]. The fric-
tional interactions, fluid-like ability to flow, the appear-
ance of dilation, and cracking, all suggest the dynamically
jammed region behaves mechanically much like a soil or
dense granular material. The observation of a stress pro-
portional to deformation via an effective modulus is also
similar to a soil or dense granular material [8].
In soils and other dense granular systems stress is

transmitted across the system via frictional interactions,
and the scale is determined by the normal stress at the
boundary [28], rather than being determined by an intrin-
sic constitutive rheology in terms of a local shear stress
as a function of shear rate and packing fraction. How-
ever, for the case of impact, it is not yet clear what is the
physical origin for the scale of the normal stress on the
order of 106 Pa.
It is interesting to compare and contrast this system

with DST in steady-state shear, which is often assumed

to be related to the impact response. DST in steady-
state shear is triggered by frustration of dilation by a
confining stress at a boundary, along with force transmis-
sion between solid-solid frictional particle contacts [3, 29–
34]. In steady-state, the structure has time to become
well-developed so the stress distribution is more uniform
through the suspension, and must be supported at all
boundaries, so it is limited by the stiffness of the weak-
est element in series. In most rheometer experiments,
the weakest stiffness comes from surface tension at the
suspension-air interface, which limits the maximum nor-
mal stress that can be transmitted through the system
to about 103 Pa in steady state. In cases where the
stress is not limited by the suspension-air interface, the
weakest stiffness could be soft walls [3] or the particle
stiffness [3, 35] – the latter case has been observed in
steady state flows in simulations with periodic boundary
conditions [29, 34, 36], but not in hard-particle experi-
ments. In contrast, in transient impact, the dynamically
jammed region does not have time to propagate to the
side wall, and the stress does not have time to become
uniform throughout the suspension. Instead, the sides of
the columnar dynamically jammed region need support,
as illustrated in Fig. 3b. The origin of the force that sup-
ports the sides of the dynamically jammed region is not
yet known.

One possible force that appears in the transient but
not the steady state comes from flow through the pores
between particles that open up during dilation in the
transient. The need to rapidly move liquid as the dynam-
ically jammed region is dilating could introduce signifi-
cant stresses on the dynamically jammed particle struc-
ture. A rough estimate predicts a stress from this pore
pressure on the scale of τp ≈ ηlα∆φVIL/κ, where the vis-
cosity of the interstitial liquid is ηl = 9× 10−4 Pa s, the
permeability κ = (1− φ3)a2/180φ2, α is a dimensionless
coefficient of order 1, L is the width of the sheared region,
and we interpret ∆φ as the change in weight fraction due
to dilation from the initial value [37]. If we assume α = 4
[37], an estimate for a typical value of ∆φ ≈ 0.01 in a
dilating suspension, and L ≈ 15 mm based on the size of
the outer sheared region in Fig. 3a at VI = 396 mm/s,
then we obtain τp ≈ 8 MPa, on the same order of magni-
tude as the maximum stress observed in our companion
paper [8]. It remains to be confirmed if this pore pressure
is what sets the scale of the stress response to impact.
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