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Abstract
In this paper a modeling method is validated at multiple scales for the seismic
performance of multiblock tower structure (MTS). MTS are a proposed con-
cept for large-capacity gravitational energy storage that will enable renewable
energy sources. The structure modeled is a tower of 7144 nominally identical
blocks arranged in a 38-layered annular pattern with no adhesive mechanisms
between the blocks or the blocks and the foundation. The level set discrete
element method is used to model the dynamics of the tower structure experi-
encing a ground motion. Experimental determination of each model parameter
is shown from the use of individual blocks before construction. Close compar-
isons to experimental results are shown for the dynamic motion of the tower
over a full ground motion time history for multiple scales, materials and ground
motions. When the tower was brought to failure, the two ground motions used
produced distinct failure modes of the tower showing both a peeling and buck-
ling behavior. Both the effect of the friction coefficient and unequal block heights
are investigated. Friction coefficient has a noticeable effect on the amplitude of
motion of the tower while the unevenness of the block heights affects mostly the
structural speed.
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1 INTRODUCTION

The development of green energies, such as solar and wind, is being aggressively pursued in order to meet global goals of
CO2 reduction.1 The production of these green energies is intermittent, however, and therefore require large scale energy
storage to provide continuous energy.2 Currently, energy storage consists mainly of pumped hydropower storage which
comprises 93% of the large scale storage.3 EnergyVault, Inc. looks to continue to utilize gravity storage using solid blocks in
the form of a multiblock tower structure (MTS) instead of liquid water as the material holding the potential energy. MTS
is a structural concept where many blocks are stacked together relying on friction as the source of energy dissipation,
breaking away from conventional methods for providing seismic resistance.
The field of masonry is one of the closest analogs to MTS due to each being fundamentally composed of stacked dis-

crete blocks. A large portion of computer methods in the field of seismic resistance of masonry structures have been
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NOVELTY

∙ This paper numerically models the earthquake dynamics of multiblock tower structures intended for energy
storage use for the first time.

∙ The level set version of the discrete element method is used for the first time in the field of structural dynamics.
∙ Validation of the level set discrete element method for multiblock tower structures is conducted for multiple
tower materials and scales experiencing multiple ground motions.

∙ The effects of friction and block height variability are numerically investigated for multiblock tower structures.
∙ To this point, the level set discrete element method calibrated parameters, such as stiffness, but here they are
determined experimentally.

focused on continuum modeling of masonry walls. Continuum modeling makes sense because masonry walls have mor-
tar between blocks instead of the frictional contact between the blocks for MTS. In these continuum models the mortar
is often represented using elements with a damage variable that describes cracking or crushing.4–8
In order to model these novel structures that feature a large amount of strictly frictional contacts, a discrete element

model is developed and validated in this paper instead of a continuum model. The discrete element method (DEM) is
a modeling technique that has been used to understand the mechanics of discrete systems where the kinematics and
contacts of each element is of much greater consequence than the deformation of that element.9 The advantage of DEM
comes from the efficient modeling of contact and motion due to making a rigid body assumption on its discrete elements.
This has put DEM as the method of choice for materials that undergo large, non-linear deformations that are a result
of complex microstructures. Examples of this include sand experiencing shear failure, fracture propagation in rock, and
fault gouge modeling.10–13 Each of these examples have microstructures that can be described by grains or particles (the
“elements”) interacting with one another.
The development of DEM has largely focused on improving the ability to model complex shapes of each element.

Initially, elements were only circles (for 2D analysis) or spheres (for 3D analysis) but over time elements evolved to be
described by clumped spheres, polyhedrons, Fourier descriptors, splines, and level sets among others.14–18 Here we choose
the level set version because level sets can describe any shape. LS-DEM has previously been validated as predictive for
sands10; however this is the first time it has been used for modeling and response simulation of structures. In this study,
only a simple block shape is used, but the ability to describe any shape allows for more options in future development
of MTS.
DEM has been used before in structural mechanics. DEM is also often used in the field of masonry where joints con-

nect faces, edges, and vertices together and are assigned brittle constitutive behavior to simulate the mortar.19–21 Beyond
masonry however, DEM has also found another use in structural mechanics and that is for studying multidrum columns
on ancient structures such as those inGreece andRome.22,23 Multidrum columns are built in layers, where a single column
consists of many cylindrical sections stacked on top of each other without mortar in between. Due to the construction
method, the column must rely on friction to provide stability. Many multidrum column structures are still standing in
seismic regions after thousands of years, highlighting the seismic resilience potential of friction mechanisms.
For a MTS, energy dissipation relies on the rocking and sliding of the blocks, similar to these ancient structures that

survived up to this day. To investigate their seismic performance, a completemodeling suite consisting of theory, numerical
simulation and experiments at different scales has been completed.24 This paper will focus on and detail the numerical
modeling performed within the larger study.
First, an overview of the research campaign conducted beyond the numerical modeling will be presented. LS-DEM as a

method will then be summarized with some important notes on the differences for this application. Then we will discuss
how each parameter in themodel was determined using simple experiments. An important section is provided to describe
the numerical specimen preparation for realistic modeling of the towers. Finally, results from the numerical model will
be presented and discussed along with experimental validation for multiple scales, materials, and ground motions.

2 TOWER DESIGN AND EXPERIMENTAL CAMPAIGN

The chosen tower design features 7144 nominally identical blocks arranged in 38 layers of 188 blocks each. At full
scale, the block dimensions are 1.36 m by 2.82 m by 4.25 m for length, width and height, respectively. For feasibility of
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TABLE 1 Details for the ground motions used.

Location Magnitude PGA PGV
Ridgecrest 7.1 Mw 0.511 g 42.4 cm/s
Denali 7.9 Mw 0.33 g 161.8 cm/s

experimental modeling and testing, the tower was scaled down to two different length scales. The proper scaling method
for MTS is called 𝜇-scaling which was developed specifically for frictional structures subjected to primarily sliding types
of deformation.25 This scaling was derived from Buckingham’s Pi Theorem and requires that to maintain similarity, the
dimensionless number, 𝜇𝑁 , must remain the same between the model and the prototype. The dimensionless number 𝜇𝑁
is defined by,

𝜇𝑁 =
𝑣√
𝓁𝜇𝑔

= constant (1)

where 𝑣 is velocity, 𝓁 is a characteristic length, 𝜇 is the friction coefficient and 𝑔 is gravity. The scaling factor between
the model and the prototype is denoted as 𝜆𝑥(= 𝑥𝑀∕𝑥𝑃), for any variable 𝑥. In terms of 𝜆, the 𝜇-scaling results is the
following for time, velocity and acceleration.

𝜆𝑡 =
√
𝜆𝓁∕𝜆𝜇 (2)

𝜆𝑣 =
√
𝜆𝓁𝜆𝜇 (3)

𝜆𝑎 = 𝜆𝓁 (4)

where 𝑡 is time and 𝑎 is acceleration. This scaling is a more general form than the Froude number scaling, with the
Froude number scaling being equal to the 𝜇-number scaling in the special case when the model and prototype friction
coefficients are the same. Note that mass does not intervene in both of these similitude theories25 and the experimental
testing shows that this is the case.26
Experiments and predictions in this paper are 𝜇-scaled from a full height towermade of concrete blocks. The aluminum

towers, however, are Froude scaled as the 𝜇-number theory had not been fully developed at that time.
Figure 1 shows the built tower both in experiment (physical models) and virtually (numerical model) from the top and

the front. The arrangement of blocks in each layer, which can be seen from the top view, is called the tiling of the layer.
Each layer uses a tiling configuration corresponding to a 90 degree rotation of the previous layer. The tiling has a two-fold
rotational symmetry so that every other layer is identical. The tiling is specifically designed so the blocks exhibit a high
degree of interlocking with the intention of improving the stability of the tower. The tiling was designed so that no two
blocks above or below each other are aligned, and the blocks are sized such that each block is resting above exactly two
blocks underneath. The tiling pattern is the same for all tower specimens. The figure also shows close ups of the blocks
themselves. Digital image correlation (DIC) was used to measure the motion of the towers so dots were painted on the
blocks to improve the correlations. The aluminum tower was also painted to enable DIC measurements.
The full campaign was composed of two phases where tower specimens for each phase were built at different scales.

In phase 1, towers of either wood or aluminum blocks were built at Caltech at 𝜆𝓁 = 1∕107 length scale. A total of five
such towers were constructed and fourteen uni-axial tests were conducted across all towers. Details of this experimental
campaign can be accessed in Gabuchian et al.26 Phase 2 was conducted at the UC Berkeley PEER Center shake table on
tower specimens at 𝜆𝓁 = 1∕25 scale with blocks made of concrete. A total of three towers were built with seven uni-axial
and tri-axial tests being applied between them over the course of this phase. For details on phase 2 please refer to Restrepo
et al.27 A paper providing an overview of the entire research campaign was published by Andrade et al.24
Two distinct earthquake ground motions were used repeatedly during testing at both scales shown in Table 1. One was

recorded at China Lake Station during the 7.1𝑀𝑤 Ridgecrest Earthquake on July 5, 2019, in California. This station was
3.5 km from the fault, recorded a peak ground acceleration of 0.51 g, and a peak ground velocity of 42.4 cm/s. The other
is a ground motion from the 7.9𝑀𝑤 Denali earthquake on November 3, 2002, in Alaska. This ground motion has a peak
ground acceleration of 0.33 g and a peak ground velocity of 161.8 cm/s. The Denali earthquake is notable due to the rupture
speed exceeding the shear wave speed, a phenomenon often described as super-shear. For this paper, we will be using the
experimental measurements from a subset of the tests completed. The chosen measurements will be from tests on towers
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F IGURE 1 Model towers were built at two length scales with the same design for each. For the smaller length scale,𝑀1, towers were
made of either wood or aluminum and at the larger length scale,𝑀2, all towers were made of concrete. Colors and dots were painted on
blocks to improve the conducted digital image correlation (DIC). The pattern of the block arrangement as shown in the top view is rotated 90
degrees every layer and has symmetry such that every other layer is the same. The virtual tower is composed of blocks of identical size defined
in shape by level set functions.

made of wood, aluminum and concrete materials experiencing both Ridgecrest and Denali ground motions for a total of
six validation comparisons.

3 MODELINGMETHOD

LS-DEM uses discrete level set functions to describe the shape of each object in a physical system.17 In this paper, the
objects of this system will be the blocks of the tower. A level set function, 𝜙(𝐱), will describe the block shape. The level set
implicitly defines the block by outputting the signed distance, 𝑑, between a block’s surface and an input location, 𝐱.

𝜙(𝐱) = ±𝑑 (5)

A negative distance indicates the input location is inside the block and a positive distance indicates that it is outside.
The surface can always be determined from the zero level set. Because the blocks are built to be identical, only one level
set definition is used for all blocks.



HARMON et al. 5

F IGURE 2 Visualization of a block’s level set surface and surface points. Surface points are initially set to be equidistant then additional
points are added at the corners and edges. Block height variation is a key aspect of the model, and therefore is shown in the sketch. The
contact model uses linear springs in the normal and shear direction with a linear viscous damper in the normal direction and a Coulomb
friction condition on the shear springs. Dimensional aspects are exaggerated in the figure for clarity.

TABLE 2 Discretization details for the LS-DEMmodel.

Parameter Units Value
Surface point density 𝑝𝑜𝑖𝑛𝑡𝑠∕𝑣𝑜𝑥𝑒𝑙2 0.05
Total surface points 𝑝𝑜𝑖𝑛𝑡𝑠 440
Surface points on top surface 𝑝𝑜𝑖𝑛𝑡𝑠 44
Voxel resolution for 𝜆 = 1∕107 𝑚𝑚∕𝑣𝑜𝑥𝑒𝑙 0.65
Voxel resolution for 𝜆 = 1∕25 𝑚𝑚∕𝑣𝑜𝑥𝑒𝑙 2.8

These level sets are used in conjunction with a set of discrete points with locations 𝑝𝑖 placed on the surface of the blocks
to determine contact. Each object has both a set of surface points and a level set function to serve as a leader and follower
in the contact algorithm, respectively. Figure 2 visualizes both the level set surface and surface points for the block design.
Details on the discretization are shown in Table 2. Discretization density and voxel dimensions were chosen to be similar
to previous studies using LS-DEM in three dimensions. Surface points are randomly placed and equidistant from each
other, then some additional surface points were added on the corners and edges to ensure sharp features.
When determining contact, the leader block will send the location of all of its surface points as input to the follower

block’s level set in a loop. The level set’s output, the signed distances of the leader surface points to the follower’s surface,
determine if contact is established. Contact is determined to have occurred only if the level set function’s output is less than
zero for any surface point. For surface-to-surface contact, many surface points may satisfy this condition and all of them
will contribute to the contact forces between the blocks. The distance result (if negative) is considered the penetration
distance, and is multiplied by the blocks’ normal stiffness, 𝑘𝑛, and surface normal, �̂�, to determine the undamped normal
force of the contact. A damping force is then applied to simulate the coefficient of restitution, 𝐶𝑁𝑟𝑒𝑠, of the contact. The
addition of the undamped normal force and the damping produces the normal force for that contact point, 𝐹𝑛,

if 𝜙(𝐩𝑖) < 0 ∶ 𝐅𝑛 = 𝜙𝑗(𝐩𝑖)𝑘𝑛�̂� + 𝛾𝑁(𝐶
𝑁
𝑟𝑒𝑠)(𝐯

𝑟𝑒𝑙 ⋅ �̂�)�̂� (6)

where 𝐩𝑖 is the set of locations of the surface points for the leader block, 𝜙𝑗 is the level set of the follower block, and
𝐯𝑟𝑒𝑙 is the relative velocity of the two contacting surfaces. The surface normal, �̂�, is defined as the normalized gradient
of the level set at the surface point location. The damping function, 𝛾𝑁(𝐶𝑁𝑟𝑒𝑠), converts the coefficient of restitution to a
corresponding fraction of the critical damping for the spring-damper system of that contact. The formula and derivation
of the damping function is described in Harmon et al.12 which contains a lengthy discussion of damping in LS-DEM.
The shear force is calculated from the relative velocity of the contact points on each block. Unlike the normal forces,

the shear forces, 𝐹𝑠, are calculated using an incremental approach due to history dependence.

Δ𝐅𝑠 = 𝑘𝑠𝑣𝑠Δ𝑡 �̂� (7)
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TABLE 3 Physical parameters for the LS-DEMmodel. The contact stiffnesses are more specifically the contact between particles not
between points, therefore the point-to-level set stiffness is lower. The contact stress/displacement stiffness is the force/displacement stiffness
divided by the top/bottom surface area.

Parameter Units Wood Al Concrete
Density (𝜌) kg/m3 800 2632 2320
Normal stiffness (𝑘𝑛) MN/m 30 51 1050

GPa/m 90 150 170
Shear stiffness (𝑘𝑠) MN/m 26 48 1000

GPa/m 78 140 160
Friction coefficient (𝜇) - 0.63 0.18 0.59
Coefficient of restitution (𝐶𝑁𝑟𝑒𝑠) - 0.3 0.5 0.5
Height variation (𝜎𝐻) mm 0.16 ≈ 0 0.5
Measured average block Height (�̄�) mm 39.78 39.67 170.53
Coefficient of variance (𝜎𝐻∕�̄�) - 0.0040 ≈ 0 0.0029

where 𝑘𝑠 is the shear stiffness, 𝑣𝑠 is the relative velocity of the contact points in the shear direction,Δ𝑡 is the time step used
to integrate (explicitly) the equations of motion, and �̂� is the unit vector in the shear direction. The shear force increment
is then normalized by the number of surface points in contact so that the shear force calculation is not discretization
dependent. When the shear force builds to a critical value, the blocks are allowed to slip by the use of Coulomb friction

𝐹𝑚𝑎𝑥𝑠 = 𝜇𝐹𝑛 (8)

Once both the normal and shear forces are determined the moments are calculated from crossing the center of mass, 𝑥𝑐𝑚
with the contact forces.

𝐌 = 𝐱𝑐𝑚 × 𝐅 (9)

Forces from the ground to the base layer of the tower are calculated from the surface points of the blocks. If any surface
point from a block passes through the ground, then the penetration is calculated from the projection of the surface point
to the plane that defines the ground. The shear forces are calculated similarly to block–block contact as well, where the
relative velocity between a block and the ground is used to determine the shear force increment.
From the calculated forces and moments, the kinematics are then calculated using Newton’s laws and an explicit time

integration scheme with a consistent time step.14 Damping the angular and translational velocities directly are a common
technique in LS-DEM, often referred to as global damping.12,17,28 This type of damping is not used in this model since
global damping is generally meant for maintaining quasi-static conditions, whereas here the testing is dynamic in nature.
The time the computations on the towers generally took were in the range of 3–5 h depending on the length of the ground
motion and the material properties. The computations were done on an Intel Xeon CPU at 2.30 GHz with 18 cores/36
threads and 32 GB of RAM.
Blocks in experiment that are not made with precise enough dimensions affect the motion due to the heights being

uneven. Uneven heights result in blocks initializing at an angle with their weight becoming unevenly distributed. In
order to model this efficiently, the surface point locations at the top of each block were adjusted according to a normal
probability distribution of height tolerance. The block arrangement is such that the block using surface points for contact
is always under the block using the discrete level set function, and therefore if the surface points are adjusted for height
the level set does not require adjustment. The physical properties were adjusted to account for the volume difference and
the shift in center of mass.

4 PARAMETER DETERMINATION

Every parameter in the model is determined through tests performed on individual blocks. The full list of parameters is
shown in Table 3. Each part in this section will describe how to determine each parameter in the table. Due to both the
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F IGURE 3 Block height is a key parameter in tower construction quality and dynamic response. Wooden blocks exhibit the greatest
coefficient of variation (=𝜎𝐻∕�̄�), followed by concrete, and then aluminum, which is a negligible amount.

rotations in the tower being very small and the low sensitivity of the model to the parameter, the section on the coefficient
of restitution can be found in the appendix.

4.1 Mass, volume, density and height variation

Geometry and mass are evaluated with digital caliper and scale measurements. The height of each block is determined as
the average, 𝐻 = ℎ𝑎𝑣𝑔, of measurements ℎ1 and ℎ2 taken at a distance roughly equal to a quarter of the width from each
lateral edge, as shown in Figure 3. Note the quantity 𝐻 is the measured height while the previously used parameter, 𝓁0,
is the block height length scale parameter that is the target value for 𝐻. From a sample size of 40 blocks, the standard
deviation of the block height for the aluminum, wood and concrete blocks are ≈ 0, 0.16 and 0.50 mm, respectively. The
measured variance is a direct result of the manufacturing methods for each of the block types; carpentry for wood, CNC
for aluminum, and machine pressed concrete blocks using a steel template. The height variation is a key parameter in the
tower build quality and the dynamic response. The mass was measured for a sample of 10 blocks per type, yielding the
densities reported in Table 3.

4.2 Stiffness

When a stack of blocks are sitting on amoving surface, the blocks accelerate to meet themotion of the surface through the
contact forces at the interfaces. In reality, these contact forces induce internal stresses that travel from the bottom to the top
interface of a block at the material’s wave speed. In the DEM, the time evolution of the internal stresses is not calculated,
and instead the interfacial elasticity serves as a proxy. Therefore, the normal and shear stiffnesses are determined from
the wave speeds of thematerial. In order to properly set the stiffnesses, wemust first determine thematerial’s wave speeds
and then ensure that the stiffnesses are communicating motion at the same speed.
First, the aluminum wave speeds were determined with pressure and shear transducers placed on the block in pulse-

echo mode. The distance traveled and the time delay from the pulse-echo directly yield the material wave speeds. This
technique was insufficient for pressed wood and concrete as thesematerials disperse the signal and no clearmeasurement
is possible. Compression tests were conducted on wood and concrete blocks to determine the Young’s modulus and the
shear modulus (ex. Figure 4). The bar wave speeds are then calculated as,

𝑐𝑝 =
√
𝐸∕𝜌 (10)

for pressure waves and

𝑐𝑠 =
√
𝐺∕𝜌 (11)
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F IGURE 4 The block normal and shear stiffness are determined by matching the dilatational and shear wave speeds respectively to an
effective material wave speed. The effective material wave speed is defined by the speed of transmitting stresses without sliding or rocking.
The wave speeds for wood and concrete materials were determined from elastic moduli and density measurements while for aluminum the
wave speed was determined directly.

for shear waves. We then adopted the idea of an effective wave speed which we define as the speed at which motion from
the first layer propagates to the top of the tower in the DEM. We assume that the effective wave speed must equal the
material wave speed for the tower motion to be properly predicted. The effective wave speed for theMTS can bemeasured
in the DEM by simulating the motion of a one block per layer stack that is 38 layers tall. Each block in the stack was
initialized just outside of contact then allowed to fall by gravity into place before receiving a ground motion. This is to
ensure that the stack is in static equilibrium before a ground motion is applied. For determining the normal stiffness, this
ground motion is in the vertical direction and for the shear stiffness the ground motion is in the horizontal direction. For
both, the groundmotion is applied in one direction only. In addition, the ability for the blocks to rotate or slide is disabled
so only the translational motion resulting from the spring forces are measured.
The chosen ground motion was a unit step velocity at 80% the block height per second. This quick motion enabled

easy identification of movement beyond the noise of any spring oscillations. The plot in Figure 4 shows the displacement
of every fifth block over time for this ground motion. The effective wave speed can be measured in this plot from the
difference in time it takes blocks a certain distance apart to reach the same displacement.

4.3 Friction coefficient

The static friction coefficient is determined by measuring the angle when slip initiates. This critical angle is measured
using a wedge plate for both block–block interfaces and base–block interfaces to assure that the system can be charac-
terized by a single friction coefficient for each of the three materials tested. Figure 5 shows the experimental setup for
the static friction testing of concrete. To keep the blocks from rocking over, the center of mass of the top of the block was
lowered by attaching some weight to it. Care was taken for the concrete tests that the side that was open to the mold was
not used. The results are reported in Table 3 and can also be seen in Figure 5.

5 SPECIMEN PREPARATION

In order to properly study the effect of a groundmotion on a tower, the towermust first settle into a configuration that is in
a state of stable static equilibrium. This task is trivial for towers where every block has the same height since the blocks can
be placed surface-to-surface. Initializing the location of every block just out of contact in its designed location and allowing
them to reach equilibrium via gravity is sufficient for a well assembled tower. When blocks vary in height however, this
strategy is insufficient. The height discrepancies create non-flat surfaces for blocks to rest on since all blocks above the
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F IGURE 5 Static friction test conducted on block-block and block-base interfaces. The wedge angle is slowly increased until slip
initiates. A histogram of block–block interface measurements shows that wood and concrete have roughly the same friction coefficient.

first layer are situated over exactly two blocks of different height below. In order to find equilibrium, blocks must rotate to
engage both contact surfaces. The kinetic energy from this extra rotation will cause excess motion from both the top block
that is rotating and the blocks underneath which results in a damaged tower before experiencing any ground motion. For
MTS, we define damage as block misalignment, at no point is there any study into damage of the block material and it
is assumed that there is little to no material damage until final collapse. In experiments, the towers are constructed one
block at a time, but one at a time stacking would take unreasonable computational time in the numerical model. Instead,
the tower is assembled layer-by-layer which also has a drawback. Layer-by-layer assembly introduces an unacceptable
amount of kinetic energy into the tower even when bricks are initiated immediately above their equilibrium location. To
overcome this, the block velocities are damped to ensure reasonable kinetic energies throughout the preparation process.
This damping strategy is separate from the damping produced by the coefficient of restitution, and is only used for the
preparation phase to specifically resemble themotion of a block being placed by hand into place in a tower. For the ground
motions, this damping is not used.
Damping is applied by multiplying each block’s velocity by a constant, 𝑐𝑣, every time step

𝑣damped = (1 − 𝑐𝑣) 𝑣 (12)

Very little damping is needed to achieve stable towers, and so damping values 𝑐𝑣 ≤ 0.002 were used throughout. New
layers only are added after the previous have settled. This process significantly limits the initial damage compared to
dropping all the layers at once.
For this initializationwork, the blockswere enlarged by themaximumexpected contact overlap during specimen prepa-

ration so when the prepared tower is initialized for a ground motion test, the blocks start out of contact. This way, new
parameters could be tested for the same specimen without having to redo the preparation phase. Otherwise, the initial
overlaps would not be in equilibrium with new parameters and therefore cause immediate instability. Because of this, a
short initial phase of zero ground motion was added before each test to allow the prepared specimen to re-establish static
equilibrium under gravity.
The key difference for towers with block height variability is that many blocks will begin with a non-zero rotation,

reducing the required rotation to reach the critical point where rocking would occur. Note that the critical overturn angles
for a single block of these dimensions are 17.7◦ for the thin side and 33.6◦ for the wide side. Figure 6 visualizes the initial
rotations of the blocks in the numerical tower. As shown in Table 3, the block height variability is significantly different
for each material due to the different methods of fabrication. Increasing variability in block height leads to increasing
initial rotation. Aluminum blocks have very little initial rotation while some wood blocks initialize with rotations > 5◦.
We assume that the ground surface is perfectly flat so the first row of blocks always start with an initial rotation of zero.
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F IGURE 6 Visualization of initial block rotations after numerical tower specimen preparation and before ground motion. Progressively
increasing height variability increases initial damage. Damage for MTS is defined as block misalignment, for which initial rotations are a good
indicator. Above each tower is a section image of the corresponding experimental specimen the numerical tower is attempting to recreate.

TABLE 4 Simulation time steps and DIC camera frame rates.

Parameter Units Wood Aluminum Concrete
Time step 𝜇𝑠 10.4 2.6 14.7
Camera frame rate fps 4800 4800 2000

6 RESULTS

The goal of this section is to demonstrate the predictive capabilities of LS-DEM on MTS and to show the effect of friction
and block height variability on the dynamics of the blocks. The validation portion will be done through two synergistic
methods of comparison. First, we will compare the visualization of the computation to digital image correlations (DIC) on
the experimental images. In order to minimize differences in methodology, DIC was conducted on the visualization of the
virtual model as well, with the virtual camera placed at the same location as the camera in the experiments. This method
accounts for possible inaccuracies in measurements at the top and bottom of the tower that arise due to the viewing
angle of the camera. DIC on both the experimental and virtual images were conducted at 4k resolution. Simulations were
conducted using a constant timestep that is a factor of the camera’s framerate to ensure that visual comparisons occur at
exactly the same time, these values are shown in Table 4. The DIC comparisons were completed for the full video of each
test and here three representative time steps will be shown for the wood tower experiencing one-component Ridgecrest
and the concrete tower experiencing three-component Ridgecrest as examples in Figure 7. In the figure, the velocity in
the in-plane horizontal direction is shown in color as the basis for comparison. The matches between the experimental
measurement and the corresponding LS-DEM predictions is remarkable, and are of similar quality for towers not shown
here due to space limitations.
The second method of comparison will be comparing the velocities of a set of blocks over time. For the virtual model,

the centroid of the block will be used and for the experiment the center of the front face measured from DIC will be used.
The set of blocks chosen are shown in Figure 7 as dots on the towers and will be referred to as the “spine” of the tower.
Each block of the set is in the same location in the tiling pattern and two layers above each previous block. Due to the
MTS having a two-layer block pattern repetition, the neighborhood of each spine block has an identical orientation. The
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F IGURE 7 A sample of the DIC comparisons conducted between experiment and the numerical model. The left side shows wood
towers at 𝜆𝓁 = 1∕107 that experience a single component ground motion. The right side are concrete towers at 𝜆𝓁 = 1∕25 that experience a
three-component ground motion.

spine allows the quantitative comparison of important dynamic features such as the amplitude of motion and structural
speed. The structural speed is defined as the speed at which motion travels from the bottom of the tower to the top. This
is similar to effective wave speed except that now the effects of sliding, rotation and block height variation slow the speed
down significantly.
Figure 8 shows this comparison for six distinct experiments. Since the numerical tower models use a probability dis-

tribution to generate the random block heights, many comparisons here show the average value and standard deviation
of the spine velocities taken from ten realizations of block heights. Note that the mean value of 10 velocity response time
histories introduces some smoothing of the velocity profile compared to the experimental results which do not contain
this smoothing effect. This was not done for the aluminum towers, however, since the height variation was negligible
for aluminum blocks. The six spine comparisons span two ground motions, two scales and three materials. As shown in
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F IGURE 8 Each plot shows the velocity of a block on every other floor both from the experiment (blue) and from the centroid motion in
the numerical model (red). The red line and shaded area over it indicate the mean and mean +/- standard deviation interval of the velocity
time histories obtained from 10 random realizations of the tower block heights (obtained from 10 specified distinct seed numbers) for that
material. Spacing is the y-axis separation between each plot in velocity.

Table 3, the chosenmaterials span a significant range of mass densities, friction, and height variability, demonstrating the
predictability of the model over significant ranges of values of key parameters of the tower.
The DIC comparisons focused on validating the kinematics of the entire MTS at single time steps and the spine com-

parisons focused on validating the kinematics of single locations over the entire time history. Together these methods of
comparison provide a synergistically comprehensive method of validation.
For all towers that were constructed, ground motions were applied until failure (caused by either a ground motion

applied once or the same ground motion applied multiple times sequentially). Only complete failures were observed;
for no tower did only a portion of the tower fall before the rest of the tower. For all cases, the tower survived the first
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application of the Ridgecrest motion, even for the concrete tower when all three components of the ground motion were
applied. In fact, the wood and aluminum towers survived four successive uni-axial Ridgecrest ground motions, though
with damage accumulation after each.
Damage can be evaluated through the permanent displacement and rotation of blocks in the tower. Example damage

data is shown in Figure 10 where the displacements, slip and 𝑥3-axis rotations are shown for the wood tower spine expe-
riencing Ridgecrest. For the wood tower, slip was minimal, but the rotations were significant. Vertical axis rotations were
key to understanding the damage level in all towers. The experimental techniques used here were unable to measure the
𝑥3-axis rotations for anything other than the top floor, highlighting the importance of modeling for this and future studies
on MTS.
After surviving all four, the damaged towers were subjected to the Denali ground motion to ensure collapse. The con-

crete tower fell on the third three-component Ridgecrest motion experienced, and so never experienced a Denali ground
motion from an initial damaged state. All towers fell when experiencing uni-axial or tri-axial Denali, regardless of scale,
material or damage. An interesting observation made and shown in detail in the experimental papers of the research
campaign is that initial damage does not affect the dynamic response behavior of the towers.26,27 This was discovered by
observing little difference in the DIC and the spine plots for successive Ridgecrest motions applied to the same tower.
The major difference between damaged and undamaged towers at a local scale is that contact surface areas between
blocks reduce with damage. Because friction force is independent of contact surface area, it is sensible that any amount
of misalignment before toppling would produce the same tower motion.
Both experiment and simulation showed the same failure modes given the same conditions. Two distinct failure modes

were observed over all the tower specimens tested. Figure 9 shows each, which will be called a “buckling” and “peeling”
mode. The bucklingmode occurred only for the towerswith higher friction coefficients, specifically thewood and concrete
towers subjected to the Denali ground motion. This buckling mode is characterized by a bulging outward in the middle
section of the tower causing a mostly downward but also slightly inward collapse for the blocks above the bulge. Once the
bucklematures, the rest of the tower quickly accelerates to failure where the unbuckled sections are pushed outward from
the top by the inward collapsing blocks. The peeling mode was observed from the concrete Ridgecrest collapse and the
aluminumDenali collapse. This failuremode initiates from a section of blocks rocking outward together, usually initiating
near the center. This peeling mode collapses the rest of the tower from a domino-like effect caused by the interlocking of
the tiling design. The result of this is that nearly the whole tower fails outward.

6.1 Friction effect

The presence of friction both transfers energy through the system but also dissipates energy if sliding occurs. By vary-
ing the friction coefficient the critical point at which sliding is initiated changes. If the ground motion acceleration is
low enough for sliding to not initiate for the range of friction coefficients tested, then no change in the tower dynamic
response behavior should be detected. However, if the ground motion acceleration is high enough, there will be a differ-
ence in the tower response. In order to test the effects of the friction coefficient value, four numerical wood towers with
no block height variability were produced, each with different friction coefficients. No block height variation was used so
the initial conditions could be consistent for each tower. All four towers were subjected to the same uni-axial Ridgecrest
groundmotion used previously for the wood towers. In Figure 11 the velocity of uppermost block on the spine is shown for
friction coefficients varying from 𝜇 = 0.1 to 𝜇 = 0.63. Only the highest layer is shown since this is where the differences
are most severe.
It can be immediately observed that the motion of layers with lower friction exhibit a lag in velocity changes, a

direct effect of less shear force being possible. In the early stages of the motion, this serves to reduce the amplitude
of shaking such as near 𝑡 = 0.8 s. At later stages when the blocks reach higher velocities however, the lower fric-
tion blocks cannot slow down as quickly such as near 𝑡 = 1.4 s. For all values of friction, the structural speed can
be observed by the alignment of the peaks and troughs of the velocities in time. If they are aligned, then the struc-
tural speed between the towers at this time is the same, since the motion reached the top layer at the same time.
However, if they are not aligned, then there is a difference in structural speed. By such observations, the structural
speed is only affected at the later part of the motion when significant sliding is evident from the amplitude differ-
ences. Such an observation is expected since sliding must initiate for friction to affect the structural speed. So while
blocks are still in the stick mode, such as near 𝑡 = 0.75 s, the structural speed should be the same regardless of fric-
tion. Because dynamic response is independent of damage, if at intermediate times the ground motion acceleration is
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F IGURE 9 Most towers failed by a ”peeling” mode (top). The wood and concrete towers that experienced Denali, however, failed with
an observable buckle in the mid section of the tower (bottom). The experiment (left) and the numerical model (right) agreed on the failure
mode for all tests.

low enough for blocks in the low friction tower to stop slipping, then it will return to the same behavior as the high
friction towers.

6.2 Block height variability effect

By varying the height of the blocks, the contact surfaces between layers are no longer flat and consistent. This results in
blocks initializing at an angle and therefore being more susceptible to rocking. This also affects the friction since block
misalignment will cause an uneven distribution of force on lower layer blocks. Figure 12 compares the dynamics of the
numerical wood tower experiencing the Ridgecrest groundmotion bothwith andwithout randomblock height variability.
Block height variability does not seem to significantly affect the amplitude of the velocity response. This effect is easily

observed by the velocity peaks being of similar values. However, block height variability has large effects on the structural
speed. Peaks in velocity near 𝑡 = 0.8 s and 𝑡 = 1.1 s clearly occur much later for the towers with height variability. This
effect is well beyond one standard deviation of velocity from the 10 random realizations of the tower block heights. The
vertical force chains in the towers with variable block heights are no longer completely vertical, requiring forces to be
communicated along a farther distance, slowing down the structural speed.
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F IGURE 10 Tower damage is best evaluated by permanent kinematic motion, three aspects of which are shown in this figure for the
wood tower experiencing Ridgecrest. Left) Displacements of the blocks along the spine for model and experiment with shading for the
standard deviation of 10 towers with different height variation seeds. Middle) Slip is calculated by the difference in displacement between
floors. Little slip is found for this example since wood has high friction. Right) Rotations around the vertical axis are a consistently observable
marker for damage for all types of towers.

F IGURE 11 Velocity of a single block on the 37th layer of the numerical tower with varying friction coefficients. For each test, the
friction coefficient is the same for all the blocks in the tower. Changes in friction significantly affects the velocity amplitudes. Structural speed
is also affected, but for this ground motion, sliding does not occur for long enough cumulative time for this to be a pronounced effect.

It is not obvious from Figure 12 that block height variability actually impairs stability, however towers that have block
height variability do collapse easier. This comes from blocks initiating with a non-zero angle and misalignments being
closer to the critical point of failure than blocks of identical heights starting from near-perfect alignment.
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F IGURE 1 2 If the blocks are not all the same height then significant changes to the dynamics will take effect. This plot shows the
velocity of the spine block on the 37𝑡ℎ level for towers with and without consistent block height. A total of 10 towers with block height
variability were modeled and the red line and shaded area over it indicate the mean and mean +/- standard deviation interval of the velocity
time histories obtained from 10 random realizations of the tower block heights (obtained from 10 specified distinct seed numbers) for that
material. The experiment is shown as well to demonstrate the improved prediction with block height variability. The thin red lines show the
10 individual realizations of the velocity response histories.

7 CONCLUSION

MTS are promising new structures for the storage of gravitational energy which have been shown in this paper to be pre-
dictable with LS-DEM under seismic conditions. It was shown that the parameters for LS-DEM can be fully determined
from small experiments and material measurements, all of which can be conducted from individual blocks before start-
ing the construction of a tower. The predictability of LS-DEM was demonstrated for many scales, materials and ground
motions, showing that the method correctly describes many of the features of the seismic response of MTS. The method
can also predict failure modes, with two distinct modes observed, namely the “buckling” and “peeling” mode. These pre-
dictions allowed parametric studies showing that the friction coefficient affects the amplitudes of velocity of the blocks
and the block height variability affects the structural speed.
Further work on MTS should focus on new tower designs, targeting increased stability and new failure modes. All

the towers considered herein were constructed of the same block design, so future work should look into different block
designs since the block height to base ratio has a well established effect on rocking.29 Non-flat surfaces could increase
interlocking and LS-DEM is uniquely capable of modeling these with concave features.
In terms of theMTSmodel, some improvements could be added to decrease the current discrepancieswith experimental

results. Adding the rotational components of earthquake ground motions would be important, since these structures are
more susceptible to rocking than continuous structures. All blocks used in the model also had the same discretization.
It is likely that a more refined discretization of the surface points would improve results. Finally, is it well known that
rate-and-state friction models are an improvement over Coulomb friction, so their addition to this model could be worth
the additional complexity.
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APPENDIX: COEFFICIENT OF RESTITUTION
Within this study, very little rocking can occur before reaching collapse. Figure A1 shows that the rocking rotations at
every level of the spine remains negligible throughout a groundmotion. Due tominimal rocking rotations, the dissipation
from rocking impact plays little part in the results. Despite this, a small study on rocking and the coefficient of restitution
parameter for wood in LS-DEM was done.
The coefficient of restitution measures the elasticity of collisions. A value of zero indicates an inelastic collision where

all the kinetic energy is absorbed, and a value of one indicates a perfectly elastic collision where no kinetic energy is lost.
The coefficient of restitution is well understood for collisions with initial and final relative velocities along the same line of
action as the surface normal of the contact surface. It is in this way that the coefficient of restitution, 𝐶𝑁𝑟𝑒𝑠, is implemented
in LS-DEM. However, in the present case, the most important collisions happen when a block is rocking. A block rocking
will collide with the surface it is rocking on often many times before coming to rest.

F IGURE A1 Rocking rotations along the spine with the maximum angle shown for the wood tower experiencing Ridgecrest. Rocking
rotations for tower that did not collapse remained very small, minimizing the importance of rotational impacts on the tower kinematics.

https://doi.org/10.1002/eqe.3883
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F IGURE A2 (Left) Reduction of kinetic energy per collision during rocking motion, 𝑟, versus the coefficient of restitution, 𝐶𝑁𝑟𝑒𝑠 , from
the blocks in the model. The model predicts well the experiments at higher initial angles. (Right) Rocking test conducted on wood blocks.
Motion tracking of markings yields the block angle that could be matched to the rotations predicted in simulation.

An important study on the theory of rockingwas conducted byHousner.29 This theory demonstrates that for an inelastic
collision (no bouncing in the vertical direction), the moment of momentum about the rocking point is conserved and so
the ratio of kinetic energy before impact to the kinetic energy after impact, 𝑟, can be determined by

𝑟 =

[
1 −

𝑚𝑅2

𝐼0
(1 − 𝑐𝑜𝑠 2𝛼)

]2
(A1)

where𝑚 is the mass of the block, 𝑅 is the distance from the center of the block face to the corner, 𝐼0 is the mass moment
of inertia about the corner, and 𝛼 is the angle between 𝑅 and the block height. For blocks of all materials and scales in this
study, 𝑟 is predicted to be≈ 0.3 from this theory if their collisions are indeed inelastic. This sets a lower bound for possible
true values of 𝑟 since some bouncing likely occurs.
In order to test rocking directly, wood blocks were held at a set angle and when released, allowed to rock until coming

to rest. To confirm there is no slide rocking occurring during the test, we refer to the derivations of Shenton and Jones.30
From this study, we know that slide-rocking occurs when the following inequality is broken,

𝜇 ≥

|||||
𝐻

𝐵
(𝜆𝑥 − 𝐶𝑁𝑟𝑒𝑠)

1 + 𝐶𝑁𝑟𝑒𝑠

||||| (A2)

where H and B are the height and width of the block, respectively, and 𝜆𝑥 is proportional to the lateral motion of the
impact point which is zero in these experiments. Using this equation, we know for this case, there will be no slide rocking
if the coefficient of restitution for the wood is below 0.67. While we have not seen a study for coefficient of restitution for
the wood type we used, other studies on coefficient of restitution of wood satisfy this bound.31 Further, sliding was not
observed at impact from the experiments we conducted. The rocking was captured with motion tracking to measure the
kinetic energy over the course of the rocking. By comparing the peak angular velocities for each cycle, a true value for
𝑟 was measured for initial angles of 𝜙0 = 22, 11, 6 degrees. Values for 𝑟 were determined by averaging over the first five
cycles or until the block came to rest, whichever came first. This way, even if the rocking starts at a high angle, information
of low angle rocking is involved in the result. The 𝑟 value found was ≈ 0.6 for 𝜙0 = 22◦, ≈ 0.5 for 𝜙0 = 11◦, and ≈ 0.25 for
𝜙0 = 6◦and can be found in Figure A2.While the 𝑟 values for the higher initial angles are similar, the 𝑟 value for 𝜙0 = 6◦ is
much lower. The angle measurements becamemore difficult at lower angles so the higher angle results are more reliable.
With values for 𝑟 determined experimentally, the remaining question is how 𝑟 and the 𝐶𝑁𝑟𝑒𝑠 parameter in LS-DEM are

related. To do this, the experiment was exactly replicated in themodel for𝐶𝑁𝑟𝑒𝑠 ranging from 0.1 to 0.9 in increments of 0.02.
For all materials it was determined that 𝑟 is insensitive to the rocking angle and the coefficient of restitution, as shown in
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Figure A2. Interestingly, the model predicts the 𝑟 value that was found in experiments with the larger initial angles, but
does not predict the 𝑟 value obtained experimentally for small angles. Also, the model does not predict the value from the
theory for inelastic collisions. The reason for this is suspected to be that the contact time is not sufficient for the damping.
Regardless of the fact that the model does not capture the theoretical behavior of inelastic collisions at low coefficients
of restitution, however, replicating the same 𝑟 value at experiments for larger angles is a non-trivial result. Due to the
insensitivity of this variable, its value was adjusted within the range of 0.3 − 0.5 based on the block height variability of
the tower sample. Higher levels of block height variability require more damping during tower sample preparation, so a
lower value of the coefficient of restitution can be helpful.
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