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ARTICLE INFO ABSTRACT

Keywords: Jigsaw-fit blocks are highly fractured rocks of up to tens of meters wide, associated to volcanic debris
Volcano avalanches and debris flows, traveling long distances (km) from the volcano edifice. Despite the mass
Debris avalanche movement long runout and agitated motion, jigsaw-fit blocks are found on their deposits with no apparent
Granular flows disaggregation and with occasional thin matrix facies filling the jigsaw cracks. The mechanisms behind the
g}?:::z f(f::ilts fragments constrained disaggregation and matrix infilling remain unclear and are limited to field observations.

The rheology of granular flows suggests that segregation mechanisms should prevail and high fragmentation
rates result from internal shearing and intense inter-granular collisions, challenging the theorized kinematics
associated to the frustrated disaggregation of jigsaw-fit blocks. We study experimentally for the first time the
segregation and disaggregation processes of analogue jigsaw-fit blocks within a granular flow as a function
of fragmentation patterns and fragments density. We found that disaggregation appears regardless of the
fragmentation pattern and its initiation is conditioned by the fragment density, occurring faster in fragments
lighter than the moving granular media. Our results demonstrate that jigsaw-fit blocks remain united for a
short period of shearing, but separate as a result of the fragments rotation and eventual particle infilling.
We predict that this work sets a starting point for reviewing the interpretation of jigsaw-fit blocks in debris
avalanche deposits, allowing the inference of kinematic features from the fragments configuration and its level
of disaggregation.

1. Introduction

Large volcanic debris-avalanches (>10~3 km?) result from the gravi-
tational lateral collapse of steep volcanic edifices (Siebert, 1984; Siebert
and Roverato, 2021), or lateral spreading in non-steep volcanoes, pos-
ing significant hazard and involving dramatic changes in the local
hydrographic-basin and landscape (Auker et al., 2013). These catas-
trophic phenomena are documented as initiated as fast landslides,
with velocities in the range of 20 ms~! to 100 ms~!, translating
horizontally as one or multiple portions of the volcanic edifice and
over a sliding surface (Takarada et al., 1999; Bernard et al., 2021).
Once initiated, transport of multiple volcanic units occur as dry or
as partially saturated dense granular flows (Paguican et al.,, 2021).

These flows are theorized to translate either as plug flows (Takarada
et al.,, 1999), as translational slides moving as rigid blocks (Andrade
et al., 2019), or as flows exhibiting multiple shear zones within the
moving mass (Glicken, 1986, 1991; Roverato et al., 2015). During
transport, the mobilized blocks and matrix segregate and disaggregate.
Segregation and disaggregation are often associated with processes like
particle breakage, dynamic fragmentation, shear concentration, inter-
particle collisions, and abrasion (Kokelaar et al., 2014; Perinotto et al.,
2015; Roverato and Capra, 2025). Similar transport processes are also
common to smaller flows consisting of a mixture of large and small
grains, like in non-steep volcanoes or channelized debris flows.

Debris blocks correspond to intact portions of the volcanic-edifice
or mass movement source (Calvari et al., 1998), which might fracture
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(a) Colima volc., Mexico (Roverato et al., 2011)

Fig. 1. Jigsaw-fit blocks in debris avalanches and an interpretation of the simplified fragment patterns for (a) Planes, (b) Pizza, and (c) Football. The continuous
lines mark a solid fragment and the dashed lines mark secondary fragment-planes as seen on the photographs (Roverato et al., 2011, 2018; Vezzoli et al., 2017).

into a dense crack network known as jigsaw-fit blocks (Shreve, 1968;
Ui, 1983; Ui and Glicken, 1986; Glicken, 1991; Takarada et al., 1999;
Ui, 2000; Pollet and Schneider, 2004; Dufresne et al., 2021; Rgnning
et al.,, 2023). Jigsaw-fit blocks remain as a coherent fractured unit
during motion and may deposit with the coarse lithofacies in the
proximal region (see Fig. 1). Two concurrent processes are interpreted
to be behind the generation of their dense crack network: (i) dynamic
disintegration, providing a steady comminution of megablocks through
collisions and lithostatic pressure variations, and (ii) frictional abra-
sion, reducing the blocks size and leading to rounded grains (Ui and
Glicken, 1986; Perinotto et al., 2015). Both processes contribute to
the generation of a fine-grained matrix and is theorized of having an
influence on the high mobility of debris avalanches (Davies et al., 1999;
Davies and McSaveney, 2009). Moreover, the complexity of jigsaw-
fit crack networks depends on the rock type (Ui and Glicken, 1986)
and the travel distance, with fragile blocks gradually breaking apart
into isolated clasts over time (Ui et al., 1986; Ui, 2000; Takarada
et al., 1999; Brideau and Procter, 2015). However, this interpretation
of gradual disintegration is conditioned by the occurrence of either one

of the two generating processes, implying that in their absence a highly
fragmented block within a granular flow might never disaggregate nor
disintegrate further. This work aims to understand the interactions
that may lead to the constrained disaggregation of jigsaw-fit blocks,
in the absence of dynamic disintegration and abrasion, complementing
the processes involved for its interpretation when found in a debris
avalanche deposit.

In this study, we study fragmented plates as simplified analogues to
the complex crack network of jigsaw-fit blocks, and use a solid plate as
a control scenario. We focus on steady granular flows within a planar
Couette cell configuration, focusing on measurements of boundary
stresses and flow fields for both beads and fragmented plates (see
Section 2). Moreover, we explore the role of relative density between
plate and beads. The characterization of the granular flow and plate
kinematics, along with initial descriptors of segregation and disaggre-
gation, are presented in Section 3. A simplified model describing the
mechanisms behind segregation and disaggregation is introduced in
Section 4, followed by the main conclusions in Section 5.
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2. The planar Couette cell
2.1. Fragment simplification

A first-order approach to the complex crack networks observed in
jigsaw-fit blocks can be simplified into four main fragment patterns
(see Fig. 1): (a) a pattern with parallel cracks, referred to as planes;
(b) a slice-like pattern where surface cracks converge towards the
block center, referred to as pizza; (c) a pattern of slices coalescing
around a central fragment, referred to as football; and (d) a compound
pattern with no apparent symmetry, consisting of multiple overlapping
fragment series. For simplicity, this study focuses on the first three
patterns, assuming that pattern (d) represents a more advanced stage
of disintegration.

Note that in this work we focus on the interactions between the
fragments and the granular flow and disregard the potential fragment
disintegration and fine-matrix generation within the cracks. Moreover,
we acknowledge that these patterns are an oversimplification of a
complex three-dimensional network, but we would like to highlight
that its simplicity could provide a deeper understanding of the yet
complex jigsaw-fit block kinematics.

2.2. Experimental setup

In this work, we experimentally study analogue jigsaw-fit blocks
in a quasi-two-dimensional steady annular flow, i.e., a planar Couette
cell. This configuration allows focusing on the competing interactions
between segregation and disaggregation of a fragmented plate sur-
rounded by moving beads by varying its density and fragment pattern.
The planar Couette cell contains a single layer of beads between a
top and a basal plate, separated by approximately 1.2d, where d is
the beads diameter (see Fig. 2b). In this configuration, the inner wall
and the basal plate rotate, while the outer wall and the top plate
remain fixed, inducing a rotational shear flow in the inner granular
material (Cabrera and Polania, 2020). The cell rotation is controlled by
a two-phase hybrid step motor with a holding torque of 0.18 N m. All
walls and plates in the planar Couette cell are made of thick transparent
polymethyl methacrylate (PMMA) (p = 1200 kg/m?). The inner rough
annulus (R; = 75 mm) and the outer deformable annulus (R, = 145 mm),
set a cell thickness of W = 70 mm (see Fig. 2(c))). The Couette cell
rotates at a constant angular velocity @ = 0.2 Hz, ensuring a steady
inertial granular flow. All tests last until the fragmented or solid plate
reaches either full segregation or disaggregation. The deformable outer
wall is made up of a total of 52 laser cut PMMA leaf springs (see Fig.
2) of 19 mm long, 1.5 mm wide, and 2 mm thick. The leaf springs can
deform and thus provide an analogue force measurement by recording
the tip displacements as shown on Fig. 2(d). Further details on this
measuring concept can be found in Tang et al. (2017, 2018) and
Fazelpour et al. (2022).

The experiments use approximately 14000 ceramic beads of di-
ameter d = 2 mm, particle density p, = 6000 kg/m>. The beads
and plate are placed in the Couette cell with a packing fraction of
approximately ¢ = 0.56, equivalent to a bulk density in a planar setup
of py = 3360 kg/m?>. The fragments consist of laser cut 2 mm thick plates
inscribed in a circle with diameter D = 15d. Plates are made of PMMA
(p, = 1200 kg/m3) and steel (p, = 8000 kg/m3). The use of PMMA
and steel for these plates allows the evaluation of two contrasting
scenarios, one in which the jigsaw-fit block is lighter than the granular
flow (p* = py/p. = 0.36), and another in which it is heavier (p* =
2.38), respectively. Notably, the heavier case is more representative of
volcanic debris avalanches, where jigsaw-fit blocks are typically denser
than the surrounding matrix (Roverato et al., 2015). Furthermore, the
selection of both d and D is motivated by experimental considerations,
facilitating sample preparation and image analysis.

The plates are cut with three different patterns, simplifying the
crack networks found in jigsaw-fit blocks (see Fig. 1). The networks
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explored here have 4, 5, and 6 fragments organized in planes, pizza,
and football patterns, respectively. Additionally, a solid disk plate is
also tested as a control scenario for both PMMA and steel plates. All
plates, solid or fragmented, are labeled in their center, allowing them
to be precisely tracked.

The annular shear cell is recorded from above, allowing a contin-
uous monitoring of the granular flow and the fragments location. A
top camera records the beads and plate motion at a rate of 240 fps
and from a focal distance of 145 mm, covering a Field of View (FoV)
of 130 mm by 73 mm and with a resolution of 1920 by 1080 pixels.
A digital microscope records the tip of a single leaf spring at a rate
of 24 fps, covering a FoV 6 mm by 4.5 mm, and with a resolution of
640 by 480 pixels. The bottom plate is back-lighted by a LED panel,
enhancing the image contrast and improving the plate and fragment
identification. The recordings are analyzed using three distinct image
analysis techniques, focusing on the granular flow field, the position of
the plate and its fragments, and the confinement provided by the outer
wall.

2.3. Image-based tracking and motion analysis

The mean velocity field is reconstructed by means of particle image
velocimetry (PIV) (Thielicke and Stamhuis, 2014) and converted into
radial u, and tangential u, velocity components. Note that an angular
velocity w = 0.2 Hz = 1.2566 rad/s, results in a tangential velocity at
the inner wall (i.e., r = R)) of u, = wR; = 0.1 m/s.

The plates’ radial position r; and orientation «; are tracked by
identifying the center of each fragment as it crosses the mid-region of
the camera’s FoV. Solid plates and fragments were identified using red
markers on PMMA plates and 1 mm holes on steel plates. Then, the
fragments collection of coordinates and orientations are processed into
three main descriptors: the mean radial location (r), the cumulative
rotation 6, and the fragments mean relative separation b, computed as:

1 (n—=2)12!
b_;g;l,.j—n! : 8]
where # is the number of fragments and Y /;; is the summation of the
center-to-center distances between fragment pairs (i, j). The factorial
series in Eq. (1) accounts for all possible combinations between frag-
ments without repetition for any given pattern. The distances /;; are
measured on a single frame ensuring that all fragments are visible.

The force fluctuations in the outer wall are measured by record-
ing the deformations on the leaf springs peripheral layer, following
the same protocol as in Fazelpour et al. (2022). The vertical d, and
horizontal d, displacements are estimated by means of digital image
correlation and converted to force by assuming a perfectly elastic
behavior. Then, the acting forces (F,,F;) are found by solving the
following system of equations:

C =

t,th + Cn,x Fn dx (2)
C,F+C,,F,=d,
where C,, = 3.38 mn/N, C,, = 2.08 mm/N, C,, = 12.61 mm/N,
and C,, = 10.08 mm/N are the leaf spring elastic stiffness moduli.
These moduli are obtained by loading, in the normal and tangential
directions, a single leaf spring in a Tritech 100 kN press, moving at
0.5 mm/min, and recording the spring tip displacement. The outer
wall force measurements are employed as an estimate of the confining
stresses P, over an approximate contact area between beads and leaf
spring of approximately 32 mm? (Tang et al., 2017).

A Couette cell test begins by lifting the top plate and placing a
PMMA or steel plate in the middle of the cell width, centered at
a reference radial distance of r ~ 110 mm. The remaining volume
is then filled with a layer of ceramic beads. Once filled, the cell is
covered, and the inner cylinder is set in motion. The motor reaches
the desired angular velocity w in less than 0.2 s, minimizing potential
inertial effects after the experiment starts. Each test lasts up to 20 min,
providing sufficient time for the plate pattern to fully segregate or
disaggregate.
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(a) Top view

R,=145 mm
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Fig. 2. Planar Couette cell. (a) Top view of the cell with a steel disk; (b) schematic of the cell side view; (c) Field of View for tracking the motion of the plate
or fragmented plates and ceramic beads; and (d) leaf spring at the cell outer wall for measuring the normal and shear forces exerted by the beads.

3. Segregation and disaggregation

In this work, we distinguish between the plate’s radial motion,
referred to as segregation, and the relative separation between its
fragments, referred to as disaggregation. After initiation, both rigid
and fragmented plates spin clockwise around its axis and segregate as
a result of inhomogeneous collisions with the surrounding beads (see
Fig. 3a and Fig. 4a). This is caused by the steady flow of both beads
and plates, with a parabolic velocity profile in the tangential direction
(further discussed in Section 3.1). Consequently, collisions between
beads and plates are expected to produce an asymmetrical distribution
of normal forces, accompanied by a corresponding volume fraction
gradient surrounding the grains (Jing et al., 2021; Seguin, 2022). This
imbalance generates a “lifting” force acting on the plate and driven
by the granular flow (He et al.,, 2025). Fragmented plates show a
similar segregation sequence, rotating around its axis, but deviating
as soon as the fragments start detaching. Single fragments may reach
full segregation provided enough time. Videos of these experiments are
available in the supplemental material.

Fragments with the planes pattern align with the tangential velocity
profile and separate in clusters, leaving one cluster to segregate towards
the inner wall and the other to segregate towards the outer wall
(see Figs. 3b and 4b). Eventually, both clusters fully disaggregate.
Pizza patterned fragments rotate until a relative displacement between
fragments generates a void at its center, then the exposed edges are
dragged apart by the moving beads (see Figs. 3c and 4c). Finally, the
football-patterned fragments undergo both rotation and segregation. In
this case, a single outer fragment shifts and is expelled first, followed
by the disaggregation of the remaining fragments (see Figs. 3d and
4d). The continuing rotation in the remaining fragments sets a gradual
disaggregation until no fragments are left in contact with each other.
Note that in all cases, the released fragments spin and move behind the
initial pattern.

3.1. Flow kinematics

Flow kinematics in the Couette cell and their repeatability are ad-
dressed first with just beads and over multiple repetitions. Experiments
with a fragmented plate are performed only once. All experiments
exhibit a parabolic tangential Bagnold-like velocity profile u,(R; : R,),
starting at approximately u,(R;) ~ 0.10 m/s = wR;, peaking near the
second third of the cell width W, and slowing towards the outer wall
(see Fig. 5). Note that beads closer to the outer wall (» —» R,) move
more slowly than those near the rotating plate (» — R;) and remain
consistently slower when a solid or fragmented plate is added into the
cell. The maximum velocity measured at the outer wall for beads alone
is u,(R,) ~ 0.12 m/s, which is lower than the driving velocity at the
inner wall (i.e., R, ~ 0.18 m/s). This may be attributed to energy
dissipation through interactions between beads and the confining walls.
Furthermore, these velocity profiles can be characterized by a simpli-
fied shear rate y, estimated as the average slope of the inner segment
near R;.

Overall, the induced flows in the Couette cell lead to dominant
normal stresses ¢ and negligible shear stresses r against the outer wall.
Despite the different fragment patterns and plate materials p*, the outer
wall stresses do not vary significantly (see Fig. 6). The fluctuating
signals allow an average estimate of the confining normal stress, being
within the range of ¢ € [500 : 1000] N/m? for all tests.

Dense granular flows, such as those studied in this work, can be
characterized by the inertial number I, relating the external loading
on sheared flows (proportional to ¢) with the internal particle-particle
interactions (proportional to y) (MiDi, 2004; Jop et al., 2006). The
inertial number I is defined as:

yd
Vo /pa
where d is the beads diameter, and p, is their bulk density in the
Couette cell. The range of I typically observed in debris flows and
lahars is I € (1073 10%) and in pyroclastic density currents is
I € (1072 : 10% (Jerolmack and Daniels, 2019). The simulated flows

I= 3



M. Cabrera et al.

(a) Disk

(b) Planes

Engineering Geology 365 (2026) 108630

(c) Pizza (d) Football

T
0 3cm

Fig. 3. Planar Couette cell flow snapshots for (a) disk, (b) planes, (c) pizza, and (d) football patterns, all made from PMMA (p* = 0.36). The bottom row shows
the instant when the mean relative separation between fragments b is three times the fragments initial maximum separation b, (top row). The Couette cell starts
rotating at r = 0 s and lasts until reaching full dissagregation for the fragmented plates, or full segregation for the disk, at ¢ = 7;.

presented in this work fall within a narrower range of I € [2.5 X
10=3 : 3.5 x 1073]. This consistency in inertial number enables direct
comparison between tests, with fragment patterns and plate materials
being the only variables.

3.2. Plate kinematics

A closer look at the plate kinematics provides initial insights into the
occurrence of segregation and disaggregation during tests. Segregation
is analyzed as a function of the mean radial location (r) of a plate or its
fragments and disaggregation as a function of the fragments mean rela-
tive separation b. Interestingly, both processes do not occur at the same
rate (see Fig. 7) and in some occasions segregation on the fragmented
disks might not even develop due to rapid disaggregation. For example,
the planes pattern is the quickest to disaggregate and show no evident
segregation, while the football pattern takes the longest and reaches
segregation earlier than disaggregation. This motion is accompanied
by a continuous rotation 6. In contrast, the pizza pattern rapidly
disaggregates, slightly changing the segregation direction towards the
inner and moving boundary. Moreover, segregation and disaggregation
occur regardless of fragment density. Lighter fragments (p* = 0.36)
rotate faster and disaggregate more rapidly, while heavier fragments
(p* = 2.38) show brief instants of reassembly.

The rates of plate segregation and rotation can be estimated for
each fragment configuration as d(r)/dt and d0/dt, respectively. Here,
we approximate these quantities linearly over the time interval dz,
defined as the duration between the initial configuration and the instant
when the plate either reaches its maximum segregation or initiates

disaggregation, whichever occurs first (see Table 1). Both segregation
and rotation rates are strongly influenced by the fragment pattern and
the relative density p*. However, their contributions to fragment dis-
aggregation may differ, as segregation alone appears to have a limited
effect on disaggregation (see Fig. 7(d)). Based on these observations,
we propose that fragment disaggregation is driven by plate rotation,
as it implies a reorientation of contacts between beads and fragments
(see Figs. 3 and 4). As a consequence, contact reorientation is assumed
to drag the fragments out of place. Please note that this observation is
constrained by the specific levels of inertia set by w and beads and plate
sizes explored in this work, as well as by the two-dimensional nature
of the current setup. Future research could address the relationship
between fragment geometry and flow kinematics across a broader range
of inertial numbers I and flow configurations.

In summary, the fragments disaggregation is a self-evident process
controlled by the relative density between the block and the sur-
rounding granular flow p*. We show that shear within the granular
flow will lead the fragments to segregate and disaggregate, despite
the fragments pattern. This suggests that jigsaw-fit blocks observed
in debris avalanche deposits may not necessarily require additional
dynamic fragmentation or abrasion for disaggregation to occur. There-
fore, we propose that the segregation and disaggregation of jigsaw-fit
blocks cannot be fully explained by their formation mechanisms alone.
Instead, their interpretation requires consideration of an additional
process driven by shear flow during transport. The data collected in
this study offers a unique opportunity to explore this process for the
first time.
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(a) Disk (b) Planes (c) Pizza (d) Football

T
0 3cm

Fig. 4. Planar Couette cell flow snapshots for (a) disk, (b) planes, (c) pizza, and (d) football patterns, all made from steel (p* = 2.38). This figure follows the
same nomenclature as Fig. 3.
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Fig. 5. Tangential velocity u, profiles for (a) PMMA plates and (b) steel plates.
Fig. 6. Normal stress o, measured by a single leaf spring during shear for (a)
PMMA plates and (b) steel plates.
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Fig. 7. Temporal evolution of the instantaneous mean radial location (r) (top row), cumulative rotation # (middle row), and mean relative separation 5 (bottom
row) for (a) disk and (b to d) fragmented patterns. The dashed lines in the top row indicate the inner-most and outer-most boundaries within the shear cell

(R;,R).

Table 1

Estimated plate segregation d(r)/dt and rotation d6/dr rates for each fragment
pattern. A negative value of d(r)/d¢ indicates displacement towards the
Couette cell center. Coefficients B and C are employed in the disaggregation
model presented in Section 4.

Material Plate d{ry/dt do/dt B C
(mm/s) (rad/s) (O] )

PMMA Planes —0.50 0.062 1.8 510
Pizza -0.17 0.085 5.0 441
Football 0.26 0.039 12.0 3511

Steel Planes -0.33 0.056 4.0 5376
Pizza —-0.02 0.028 5.0 1323
Football 0.18 0.008 25.0 117703

4. A disaggregation model for jigsaw-fit blocks

The experimental configuration explored in this work is uniquely
expressible in terms of the fragments mean relative separation 5 and
the relative density between the fragmented plate and the flowing
beads p*. Therefore, the instant when disaggregation initiates can be
written in terms of these two variables. Here, we opt to asses the
disaggregation intensity as the ratio b/b,, where b, is the fragments
initial center-to-center maximum separation.

As discussed in Section 3.1, all test share a common level of inertia,
set by the Couette cell angular velocity w. Therefore, the use of w as a
characteristic time becomes a convenient alternative for normalizing
the test time in Fig. 8. Moreover, as presented in Section 3.2, it is
evident that p* influences both segregation and rotation rate. Here we
assume that rotation plays a dominant role in the fragment disaggrega-
tion, as a direct effect of being in a shear flow. Finally, once triggered,
disaggregation is clearly a rapid process, which can be approximated
as occurring with an instantaneous and accelerating rate. This behavior
can be captured by an exponential function in the form of

bi = (14 )N’ )

o
where A sets the time scale for /b, > 1 and B sets the growth rate of
b/b,. For simplicity, and following the discussion on plate kinematics in

Section 3.2, the coefficient A is related to the rotation rate as follows:
do 1

A=C——, 5
dt w Q)

6 T . -
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Fig. 8. Dimensionless evolution of disaggregation for jigsaw-fit blocks for
+ planes, x pizza, and o football patterns. The continuous lines follow the
exponential form in Eq. (4).

where C is a fitting coefficient. As a result, Eq. (4) captures the
disaggregation of fragmented plates within a shear flow, excluding
instants of reassembly.

The values of B and C are presented in Table 1. As expected, the
football-pattern exhibit the highest growth rates B, while the pizza-
pattern show higher growth rates than the planes-pattern. The influence
of C is also evident, with longer characteristic times observed for the
pizza-pattern and shorter times for the planes-pattern.

Under the assumption of a single jigsaw-fit block, once full disag-
gregation occurs, the fragments are not expected to reassemble. Con-
sequently, Eq. (4) predicts that the ratio increases asymptotically. This
scenario, however, does not reflect natural flows, which are of finite
duration and involve three-dimensional processes such as recirculation
and segregation that can accumulate fragments along flow-margin
deposits (Johnson et al.,, 2012; Escobar et al., 2025). Nevertheless,
the likelihood of fragments from the same jigsaw-fit block rejoining
remains unlikely. Hence, the irreversibility assumption is reasonable,
and the model presented here serves as an analogue predictive tool.
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Jigsaw-fit blocks are expected to disaggregate when moving within
a dense shearing granular flow, leaving two possible scenarios to
explain their presence in volcanic debris avalanche deposits. First, a
jigsaw-fit block may remain intact if the surrounding grains move
as a plug flow, inducing no shear and leaving the block neutrally
buoyant within the granular mass. This can be achieved by means of
large confinement stresses within the dense flow. Alternatively, the
crack network within the block may be sufficiently complex to require
flow durations longer than those typically achieved in volcanic debris
avalanches. The latter scenario may also explain why jigsaw-fit blocks
are more commonly observed in proximal regions (Perinotto et al.,
2015), where disaggregation processes are still not well developed,
although this type of texture can also be observed in distal areas,
albeit significantly less frequently. Furthermore, a detailed examination
of the interactions between fragments may indicate frictional sliding,
which could govern the onset of detachment. Accounting for these
interactions lies outside the scope of this work and may be better suited
to a numerical approach, such as the Discrete Element Method. A de-
tailed evaluation of fragment interactions could enhance the predictive
accuracy of the disaggregation model presented in Eq. (4).

5. Conclusions

Jigsaw-fit blocks are commonly observed in volcanic deposits, con-
sisting of a fractured unit generated by either fragmentation or fric-
tional abrasion. This paper presents experimental observations on the
disaggregation of simplified jigsaw-fit blocks in a continuously moving
granular medium, excluding their generation mechanisms. The experi-
ments use a single layer of ceramic beads and a jigsaw-fit plate, sheared
continuously in a Couette cell. Three fragment patterns and two solid
disks are combined with two plate materials in determining the condi-
tions for disaggregation and segregation. The fragment patterns, named
planes, pizza, and football, correspond to a first-order approach to the
complex crack networks observed in jigsaw-fit blocks. Remarkably, all
fragmented plates examined in this study reach full disaggregation,
in some cases even before the plate segregates. We therefore identify
that the segregation and disaggregation of jigsaw-fit blocks cannot be
fully explained by their formation mechanisms alone. Instead, their
interpretation requires consideration of an additional process driven by
shear flow during transport.

The plates are observed to rotate, segregate and disaggregate as a
result of inhomogeneous collisions with the surrounding beads. These
continuous interactions initiate a fragment’s detachment, while main-
taining a nearly constant rotation rate. Disaggregation is assumed to be
mostly driven by the fragmented plate rotation, as its continuous action
eventually leads to the fragment separation in the most complex pattern
explored in this work. Together with pattern complexity, heavier plates
require predominantly longer times to disaggregate. Moreover, disag-
gregation is rapid and irreversible, with brief attempts of reassembly
that are eventually overcome. In combination with these observations,
a disaggregation model is proposed, capturing its instantaneous appear-
ance and growth rate, as a function of the plate’s relative density and
rotation rate. Finally, the disaggregation model is intentionally simple,
providing a basis for future research and encouraging collaboration
among experimental, numerical, and field-based studies.

The observations from this work and the proposed model highlight
the inevitability of disaggregation and suggest two possible scenarios
to explain the presence of jigsaw-fit blocks in debris avalanche deposits
and other granular flow processes. A jigsaw-fit block may remain intact
if the surrounding grains move as a plug flow, or if the flow duration
is insufficient relative to the complexity of the crack network. Future
research can build on these findings by exploring additional crack pat-
terns, varying shear rates and flow profiles, testing different size ratios
between beads and fragments, or examining three-dimensional config-
urations that may reveal further mechanisms. Moreover, block dynamic
disintegration is not exclusive to debris avalanche deposits; similar
processes occur in other disciplines like dredging or industrial milling
operations. This suggests that additional physical factors, such as fluid
drag forces, could be incorporated into the model’s interpretation.
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