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Abstract: This paper discusses the results of 1∶25 scale shake table tests evaluating the seismic response of multiblock tower structures (MTSs)
conceived as energy storage systems. The tests described here are a part of a comprehensive research campaign involving smaller physical
models, computational model validation, and the theoretical background required to compare results across scales. The 6.46-m-high MTSs
consisted of over 7,000 concrete blocks stacked vertically without any bonding agent, interacting only by friction and rocking. Three MTSs
were tested under two different ground motions. Dynamic digital image correlation (DIC) and low-cost micro electrical mechanical system
(MEMS) accelerometers were used for dynamic response measurements. Towers 1 and 3, subjected to repeated strong-intensity earthquake
ground motions, collapsed during the third repetition due to the accumulation of residual displacements. Tower 2 was subjected to a single near-
fault ground motion representing an extreme event and collapsed during the test. Different collapse mechanisms were identified in the test
program. Data collected from individual blocks showed in-plane and out-of-phase block rotation and sliding, which contributed to the system’s
energy dissipation during the tests. DOI: 10.1061/JSENDH.STENG-13144. © 2024 American Society of Civil Engineers.

Introduction

Technological advances in human civilizations have been marked
by transformational developments in how energy is harvested,
stored, and converted. From the invention of the potter’s wheel in
the southern Levant and northern Mesopotamia in the 5th and 4th
millennium BC (Baldi and Roux 2016), respectively; the sailboat
by the Egyptians in the 4th millennium BC (Quijada-Publins 2021);
and water wheels in ancient China in the first millennium BC

(Rao 2011) to the development of the Voltaic cell and flywheels
in the 18th century (Piccolino 2000; Pennock 2007) and many other
significant ways in the last 100 years, humanity has explored differ-
ent ways to harvest, store, and transform energy. It is not difficult
to forecast that progress will strongly depend on how current and
future generations deal with energy, which, under the goals set out
in the 1997 Kyoto international treaty, the 2015 Paris Agreement
(UN 2021), and more recently, the Net Zero by 2050 White House
Strategy (UNWH 2021), must be tied to climate action by adopting
non-greenhouse gas–generating technologies. Because of the dire
need to reduce greenhouse gases, the increase in energy demand
nowadays is being met chiefly with wind and solar technologies.
These two technologies have been growing at an unprecedented
pace (BP 2022) and will continue to grow (EIA 2021). The main
challenge with wind and solar technologies is their reliability be-
cause they are inherently intermittent, causing them to be often un-
available when required. Energy storage systems through chemical,
electromechanical, thermal, magnetic, and mechanical technologies
can be used to decouple energy supply and demand (McLarnon and
Cairns 1989) and, for this reason, are becoming essential compo-
nents in wind and solar energy generation technologies. Particular
attention is being placed on the development of long-duration en-
ergy storage, where gravity-driven storage systems like multiblock
tower structures (MTSs) could play a role (USDE 2023). MTSs are
composed of compressed soil–cement blocks raised by an autono-
mous multiarm crane to store energy and dropped to generate en-
ergy when demanded; see Fig. 1. Each tower is designed to store
up to 35 MWh. A MTS proof of concept was built by Energy Vault
in Arbedo-Castione, Switzerland. Further details about the energy
generation mechanism are described in Andrade et al. (2023).

This paper describes the results of a shake table test program
on 1∶25 scale MTSs. Three MTSs, comprising 38 levels each, were
built and tested to collapse on the six-degrees-of-freedom (DOF)
Pacific Earthquake Engineering Research (PEER)–UC Berkeley
shake table located at the Richmond Field Station (in Richmond,
California) of UC Berkeley and managed by the PEER Center.
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The testing described herein is a component of a major research
effort conducted by a multiuniversity and industry team including
the California Institute of Technology, the University of California
at San Diego, the University of California at Berkeley, and Energy
Vault. Key objectives of the comprehensive research campaign
were to: (1) assess the structural response of such MTSs under
earthquake-induced ground motions; (2) obtain experimental data
for the validation of a discrete element computational model; and
(3) develop dimensionless numbers and dynamic similitude laws
relevant to the MTS, whose seismic dynamic response is governed
by gravitational and frictional restoring forces acting on the discrete
blocks that compose such structures. The reader is referred to the
paper by Andrade et al. (2023) for detailed aspects of the overall
research effort, Rosakis et al. (2021) for the development of the
similitude laws and experiments at the 1∶107 scale, and Harmon
et al. (2023) for predictive modeling and simulation.

Test Program

Description of Scaling and Similitude

As described by Rosakis et al. (2021), MTS can be characterized
as a discontinuous or discrete structure. These structures are com-
posed of elements that are considered rigid, held together by gravi-
tational and cohesive forces, in this case friction. In dynamic testing
of structures, scaled experiments commonly rely on Froude or
Cauchy scaling. Froude scaling is applied when gravitational forces
govern the dynamic response, whereas Cauchy is used when elastic
restoring forces are predominant and gravitational forces can be

neglected (Harris and Sabnis 1999; Moncarz and Krawinkler 1981).
Nonetheless, none of these scaling methods consider the effect of
frictional forces. Rosakis et al. (2021) investigated a new set of di-
mensionless numbers that included frictional forces, referred to as
μ-scaling, which was implemented in this research. The geometric
scale was defined by the model’s length l and was 1∶25 of the proto-
type MTS; that is, ðlM=lPÞ ¼ λl ¼ ð1=25Þ, where superscripts M
and P refer to the model and prototype, respectively. Model and
prototype blocks were made of concrete, having the same density
ρ and static friction coefficient μ. Thus, ðρM=ρPÞ ¼ λρ ¼ 1 and
ðμM=μPÞ ¼ λμ ¼ 1. Finally, because gravitational acceleration g
could not be modified: ðgM=gPÞ ¼ λg ¼ 1. Table 1 shows the
μ-scaling laws required to satisfy similitude, along with a compari-
son to Froude scaling. In addition, the last column in Table 1
presents the model-to-prototype scale values obtained after apply-
ing μ-scaling with the constraints stated previously.

Specimen Description

The basic unit of the model MTS (hereafter termed tower) was a
54-mm-thick by 113-mm-wide by 170-mm-long concrete block
manufactured in a commercial concrete paver press machine using
a custom-made mold; see Fig. 1(b). The towers were composed of
38 levels (or layers) of blocks with the basic tiling pattern shown
in Fig. 1(b). Each level consisted of 188 blocks. Odd levels were
arranged as depicted in Fig. 1(c), whereas even levels were built by
rotating this pattern 90°. This ensured that every block remained in
contact with two other blocks underneath in a simple interlocking
pattern.

Fig. 1. Specimen description: (a) MTS model; (b) unit block and interlocking arrangement; and (c) block pattern in odd levels.

Table 1. Scaling laws and scaling factor

Physical quantity
Froude-scaling

dimensionless Number Π
μ-scaling

dimensionless Number Π μ-scaling law
Model to

prototype ratio

Velocity (v) vffiffiffiffiffi
l g

p vffiffiffiffiffiffiffiffi
lμg

p vM ¼ vP
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
λlλgλμ

p vM

vP
¼ 1

5

Acceleration (a) a
g

a
μg

aM ¼ aPλμλg
aM

aP
¼ 1

Time (t) t
1ffiffi
l

p t

ffiffiffiffiffiffi
μg
l

r
tM ¼ tP

ffiffiffiffiffi
λl

p
ffiffiffiffiffiffiffiffiffiffi
λμλg

p tM

tP
¼ 1

5
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Concrete Block Characterization
The physical properties of the blocks required for this study in-
cluded the modulus of elasticity, compressive strength, and static
friction coefficient. Values measured from a sample of five blocks
are presented in Table 2. The static friction coefficient was obtained
using a tilting surface and measuring the critical angle at which
block-on-block sliding initiated.

The model blocks were built to tight dimensional specifications
to guarantee adequate specimen construction. Small fabrication
tolerances were specified to obtain the specified dimensions. The
towers were tested with blocks that were no more than 2 weeks of
age to avoid significant volumetric changes. Because the blocks on
a given level were not in contact with each other, the most critical
dimension was the block height. As a first quality check, each block
was passed through a test stencil to eliminate those whose dimen-
sions were significantly larger than specified. This resulted in the
rejection of about 20% of the blocks manufactured for this research
project. The second quality check was to match the blocks’ height
per level. To determine the variability of the height of the blocks
that passed, a sample of 50 blocks were surveyed. The height meas-
urement revealed that the variability was characterized by three dis-
crete values based on the molds used for fabrication. These blocks
were either 169.07, 169.86, or 170.66 mm high. The measured
blocks’ height variations were incorporated into a discrete-element
model of the tower (Harmon et al. 2023).

Interface Characterization: Base-to-Block Friction
Coefficient
The experiment required the same coefficient of friction between
the base of the tower and the shake table steel platen and in between
blocks. Polymer jointing sand was placed on top of the table, wet-
ted, and left to dry to provide the desired base-to-block coefficient
of friction. A close-up of this interface can be observed in Fig. 2.
Tests were carried out to ensure that the sand-to-concrete coeffi-
cient of friction was as close as possible to the block-to-block value
specified in Table 2. The static friction coefficient was obtained

using a tilting table to measure the angle at which sliding first oc-
curred, as described in Harmon et al. (2023). A value of 0.53 was
found for the sand-to-block friction coefficient, which is very sim-
ilar to the average static friction coefficient obtained for the block-
to-block friction. The entire scaled system, including tower and
base, can be characterized with a single static friction coefficient.
Setting this layer (see Fig. 2) was the important first step of speci-
men construction, described in the following section.

Specimen Construction

Specimen construction played a major role in the experimental
campaign. It required the careful design of a system that would
allow the safe stacking of over 7,000 blocks to a total height ex-
ceeding 6 m. Moreover, this construction support system had to be
disassembled before each test without compromising the structural
integrity of the tower.

Construction of the specimen followed a procedure where a
template (or stencil) was used to build one level (or layer) of
the tower at a time. A similar approach was used on the models
built at a 1∶107 scale at the California Institute of Technology
(Rosakis et al. 2021). However, for this experiment, the system
incorporated a central guide tube and four stays, whose design was
inspired by the Paplanta flyer dancers (Schoneich 2014); see
Fig. 3(a). The steel stencil was designed and computer numerical
control (CNC)-cut from a 25-mm-thick steel plate to build the
block pattern of each level shown in Fig. 1(c). Given the size of
the stencil, it had to be CNC-cut in two separate pieces, which were
welded afterwards. Fabrication of the stencil required a tolerance
not exceeding 0.8 mm to guarantee the quality of the final tower. A
photo of the stencil is shown in Fig. 3(b).

A crane system, shown in Fig. 3(a), was designed to lift and
rotate the stencil without compromising the blocks already placed
and to ensure safety. The elements of this system included a seam-
less round central column (guide pole), 4-four cantilevered beams
resting on top of the column (top cross), 4-four threaded steel rods
(stays), and two outer square columns. The stays were used to hang
the stencil from the beams at the top. The stays consisted of
1″-diameter, 1-8″ Unified National Coarse Thread (UNC) threaded
bars. The stencil rested on hexagonal nuts placed at the proper
height along the bars, as seen in Fig. 3(b). The coarse thread with
a pitch of 25 mm allowed one to lift the stencil steadily by rotating
the nuts together. The outer columns had the purpose of keeping the
stencil in position while placing the blocks. After completing a level,
the stencil was lifted by manually turning the nuts underneath. This

Table 2. Concrete block properties

Property Min Max Avg.

Concrete density (kg=m3) 2,245 2,412 2,376
Concrete compressive strength (MPa) 27.2 64.3 43.1
Modulus of elasticity (GPa) 29.4 39.4 34.4
Static friction coefficient–block on block 0.44 0.53 0.50

Fig. 2. Tower base to shake table platen interface: (a) close-up of sand base and first two levels; and (b) close-up of base-to-block interface.
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mechanism allowed the stencil to rise evenly from all sides without
displacing the blocks that had been placed.

Once the base had been prepared, with polymer jointing sand
(see the “Interface Characterization: Base-to-Block Friction Coef-
ficient” section) the guide pole and outer columns were bolted to
the top of the table. Additional leveling bolts on the base plates
were used to keep the columns plumb. Column verticality was
checked and corrected during several stages of the construction
process. Subsequently, the stencil was inserted into the guide pole
and lowered. Finally, the top cross was placed on top of the central
column, resting on a greased brass disk that allowed the smooth
rotation of the cross. The stays were then inserted in position,
secured at the top cross, and used to hang the stencil.

With the tower assembly system in place, the construction
sequence proceeded as follows: first, the stencil was leveled and
secured using the outer columns; then, the 188 blocks of the cur-
rent level were placed, as shown in Fig. 3(b). Afterward, the stencil
was lifted to disengage the placed blocks by turning the nuts under-
neath and rotated 90° by rotating the top cross along with the stays.
Finally, the stencil was once again restrained at the proper position
to proceed with the next level. This procedure was repeated until
the 38 levels were completed. As the number of built levels in-
creased, scaffolding was required to continue with the construction
process. Fig. 3(c) shows a photo of the construction of the tower at
the 30th level.

Given the dimensions of the construction system, a structural
analysis was performed of all the elements of the crane system.
This was to verify the strength of the elements and control deflec-
tions that could have affected the quality of the final product, the
built tower.

The design of the crane system also considered the disassem-
bly procedure. Upon completion of the tower, all the elements
except for the guide pole had to be removed following a specific
sequence. This procedure ensured that the specimen would not be
compromised after its construction was completed. Fig. 4(a) shows
the completed tower after removing all the elements used for its
construction.

Despite the quality control of the blocks and the measures taken
during the design and assembly of the tower construction system,
there was a clear misalignment between blocks. Figs. 4(b and c)
show a close-up of the completed tower where imperfections can
be observed. These imperfections included slightly tilted blocks
and consecutive levels not perfectly aligned. The imperfections can
be attributed to the height variability of the blocks, human error
during construction, and alignment of the stencil.

Specimen construction was a challenging multiday procedure
that could not be overlooked during the research campaign. It
required a construction crew to sort the blocks, build the speci-
men, and assemble and disassemble the crane system and scaf-
folding. The three towers were built and tested during a lapse of
30 days in October–November 2020. Supplemental Video S1
shows a time-lapse of the construction process of Towers 1
and 2.

Earthquake Input Ground Motions

Two earthquake input ground motions were used throughout the
campaign. The first ground motion was recorded at the China Lake
station during the July 6, 2019, Mw 7.1 Ridgecrest Earthquake.
The Ridgecrest Earthquake was selected because it represents a

Fig. 3. Specimen construction: (a) crane system concept; (b) lifting of stencil; and (c) construction process at the 30th level.
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cross-fault rupture common to southern California (Barnhart et al.
2019), which was a potential location for the MTS.

The second earthquake input ground motion was recorded 3 km
away from the fault at Pump Station 10 (PS10) by the Alyeska
Pipeline Service Company during the November 3, 2002, Mw 7.9
Denali Earthquake. This second ground motion was characterized
by a single one-sided pulse due to “supershear” stress release
(Dunham and Archuleta 2004).

Towers 1 and 2 were subjected to the three-component Ridgecrest
and Denali ground motions, respectively. Tower 3 was subjected to
only the strong-motion (fault-parallel, north–south direction) com-
ponent of the Ridgecrest ground motion. This tower was tested to
recreate the same experiment conducted at the 1∶107 scale MTS
(Rosakis et al. 2021) and validate the scaling procedure used for
the specimens and the ground motion records. In the results section,
the seismic input records are referred to as Ridgecrest 3-D, Denali
3-D, and Ridgecrest 1-D. Information regarding each of the earth-
quake ground motions used is summarized in Table 3.

Test Setup

Fig. 4(a) shows the location of the tower on the shake table as well
as the adopted coordinate system. Lights and cameras for dynamic
digital image correlation (DIC) data collection were located on the
east side or front of the tower. Accelerometers were placed on the
west side or back of the tower. Further details of the instrumentation
are explained in the following section.

Regarding the direction of the input ground motion, for the
three-component seismic experiments, the strong motion (fault par-
allel component) was applied in the north–south direction, referred
to as the x1 axis; see Fig. 4(a). Similarly, this is the direction in
which the input ground motion was applied for the single-
component seismic test. Accelerometers and cameras for DIC were
used to measure and record the dynamic response of the tower.
Some experiments used both instrumentation systems, whereas
others relied on accelerometers or DIC cameras only. The instru-
mentation used for each test is provided in Table 3.

Fig. 4(a) shows the specimen after the construction system
had been disassembled. However, it was observed that the central
column could not be removed after construction and was left in

place during all tests. It should be mentioned that the shake table
was calibrated with the central “guide pole” attached to it to ac-
count for its weight and dynamic response when reproducing the
earthquake input ground motions.

Instrumentation

Dynamic Digital Image Correlation
Two high-speed cameras were collectively triggered prior to the
start of the shake table motion by a TTL signal sent from the shake
table controller. Camera A consisted of a Phantom v2640 (Vision
Research, Wayne, New Jersey) (Phantom 2023) with a 2,048 × 1,952
high-resolution sensor operating at 2,000 fps, and Camera B con-
sisted of a Phantom v300 (Vision Research, Wayne, New Jersey)
with a 1,080 × 700 sensor set to operate at 1,400 fps. Each camera
captured progressive frames with no field interlacing. Four high-
latency Arri T12 12kW tungsten filament lights uniformly illu-
minated the front of the tower for Camera A, and two Arri 2 kW
tungsten open face lights (Arri Group, Burbank, California) (ARRI
2023) illuminated the top of the tower for Camera B. Camera expo-
sure times ranged from 200 to 300 μs to prevent motion blur within
captured frames. The combination of camera sensor resolution, ex-
posure time settings, light selection, and frame composition are all
required ingredients for successful motion tracking. This optical
setup was scaled up from the initial tests conducted at 1∶107 scale.

The goal of the setup shown in Fig. 5(a) was to achieve photo-
graphs of the tower such that the viewer would not be able to
distinguish the true size of the tower. Such a strategy made it

Fig. 4. Tower 1 as constructed: (a) overall view and definition of axes; (b) close-up from the bottom and showing defects; and (c) close-up from the
top showing defects.

Table 3. Test setup summary

Tower Ground motion Components Accelerometers DIC

1 Ridgecrest 3-D, 1 x1, x2, x3 No Yes
Ridgecrest 3-D, 2 No Yes
Ridgecrest 3-D, 3 No Yes

2 Denali 3-D x1, x2, x3 Yes Yes

3 Ridgecrest 1-D, 1 x1 Yes Yes
Ridgecrest 1-D, 2 Yes No
Ridgecrest 1-D, 3 Yes Yes

© ASCE 04024040-5 J. Struct. Eng.
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impossible to distinguish the towers built at 1∶25 scale (this pa-
per) and at 1∶107 scale (Rosakis et al. 2021). By keeping the
object–observer perspectives locked across scales, and indeed in
virtual simulations (Harmon et al. 2023), one can process the im-
ages in a similar fashion and can directly compare measurement
and predictive modeling results. The output from the cameras dis-
played in Figs. 5(b and c) is further described in the “Results”
section.

A challenge to this optical measurement technique when used
under dynamic conditions was to avoid table-induced vibrations
that would excite the cameras. For this reason, it was important to
have an inertial reference frame as the observer (cameras) to ensure
that the recorded motions were indeed of the object (specimen)
rather than a convolution of the camera and specimen motions.
One way to achieve this was to set the observers far away from
the test or to have inertial markers in the camera frame that could

Fig. 5. Instrumentation for DIC: (a) optical setup observing front and top of tower; (b) raw image from Camera A with region-of-interest; and
(c) processed image of velocity field with inertial points.

© ASCE 04024040-6 J. Struct. Eng.
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compensate for camera motions. Because maximizing the use of
the camera sensors (increasing the px/mm ratio) was prioritized
during these tests, the camera proximity to the tower was set,
and it was accepted that camera motions would occur. To remove
the camera motion, several inertial points along the shake table fa-
cility building structure were tracked; a set of points on both sides
of the tower can be observed in Fig. 5(b). A three-point triangula-
tion was used to correct both camera rotation and translation with
respect to the inertial points. Removal of the camera rigid body
motion immediately revealed the displacement field obtained from
the tower. Usage of DIC was successfully implemented in structural
testing.

Accelerometers
An array of 19 low-cost 3-g triaxial analog accelerometers was in-
stalled on a few concrete blocks at discrete locations along the back
side of the tower. The accelerometers had an operational bandwidth
from DC to 550 Hz, and measurement data were recorded at 2,000
samples per second (Adafruit 2021) to match the Camera A frame
rate. These accelerometers were chosen due to their small size and
as sacrificial sensors due to the high likelihood of being damaged
during a collapse of the specimen.

Fig. 6(a) shows the back side of the tower where shaded blocks
indicate the locations of the accelerometers. The levels marked
in the figure were selected based on the observed dynamic re-
sponse of the 1∶107 scale tower specimen tested at Caltech (Rosakis
et al. 2021).

In addition, as seen in Fig. 6(a), some accelerometers were
placed on both sides of the plane of symmetry of the tower, referred
to as the spine. The labels “left-spine” and “right-spine” are used to
identify data presented in the “Results” section. Two accelerome-
ters were placed on each of the selected blocks [see Fig. 6(b)] to
obtain the six-DOF movement of the instrumented blocks, includ-
ing roll, yaw, interblock rotations, and slip. Unlike DIC data, which
provided measurement data over the entire front face of the tower,
the accelerometers only measured the tower’s response along the

spine on the back side. This arrangement of accelerometers was
only used in Towers 2 and 3; see Table 3.

Finally, six single-axis accelerometers from Measurement Spe-
cialties es (TEC 2023) were placed in two three-axis configurations
on top of the shake table platen. The two sets were installed at the
table’s southwest and northeast corners to measure the input ground
motion and compare it with the table acceleration feedback signal
provided by the shake table controller.

Test Results

This section discusses the seismic response of the MTS by exam-
ining the behavior of the blocks at different levels of the tower with
measurements obtained from DIC (on the front face) and acceler-
ometers (on the back face). The observed failure mechanisms were
analyzed for all three towers. However, the analysis of results is
emphasized for Tower 3 because this tower was the most heavily
instrumented and was subjected to three runs of the Ridgecrest 1-D
ground motion.

Data captured with DIC enabled the assessment over the entire
front face of the towers (see Fig. 7) whereas accelerometers allowed
the evaluation of the response only at the blocks located next to the
spine of the towers. Fig. 7(a) shows the horizontal particle velocity
map (v1) for the entire face of Tower 1 at a sequence of times during
all runs of the Ridgecrest 3-D input ground motion. Seismic waves
can be seen propagating from the base to the top of the tower. Time
series were extracted and plotted in Fig. 7(b) from the points
marked by the black dots along the spine of the tower. Supplemental
Video S2 contains the complete time-history of the snapshots de-
picted in Fig. 7(a).

All towers were tested until collapse; see Fig. 8. Towers 1 and 3,
subjected to Ridgecrest 3-D and 1-D, respectively, were able to
withstand the input ground motion twice before collapsing during
the third repetition of the test. Tower 2, on the other hand, collapsed
during the first and only execution of the PS10 record of the Denali

Fig. 6. Accelerometer instrumentation: (a) general layout; (b) array of accelerometers per block; and (c) instrumentation on back side of Tower 3.
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Earthquake. Snapshots of the onset of the collapse of Towers 2 and
3 are shown in Fig. 8. The full collapse of Towers 2 and 3 can be
found in Supplemental Videos S3 and S4, respectively. To further
investigate the response at this stage, accelerometer results were
analyzed. Fig. 9 shows the time histories of the total acceleration
a1 of Tower 2 and Tower 3-Run 3 in the x1 direction. The black dots
represent the instant of time at which data from two adjacent blocks
began to diverge, indicating significant rotations that modified the
orientation of the accelerometers; thus the onset of the collapse.
Tower 1 was not instrumented with accelerometers. Therefore, only
Towers 2 and 3 are shown in Fig. 9.

Figs. 10(a–c) depict the left-spine block total velocity response
time histories in the v1-direction, v2-direction, and v3-direction,
recorded for Tower 2, tested under the 3-D Denali input ground
motion, and Fig. 10(d) shows the block total velocity response
time-history v1 in the x1-direction recorded for Tower 3-Run 1,
subjected to the 1-D Ridgecrest input ground motion.

Rosakis et al. (2021) defined structural speed as the velocity at
which motion propagates through the tower’s height. It can be com-
puted by dividing the distance between two levels by the time delay
of the arrival of the seismic wave. Arrival of the wave at the base
was identified by locating the onset of sliding. The onset of sliding
was defined as the instant where the total velocity response above

the base of the tower differed from the total velocity at the base.
Subsequently, to objectively determine the time delay, the cross-
correlation function between the velocity records at the base and at
the level of interest, the top level in this case, was computed, and
the time lag at the maximum value of the cross-correlation function
was taken as the time delay. Only one second of the response (or
2,000 data points) before and after the onset of sliding was used for
the computation of the cross-correlation function to make sure that
only the propagation of the first wave was considered. In Fig. 10,
the solid line connects the points of the onset of sliding at the base
and the arrival of the corresponding wave at the top, with these
two points separated by the time delay. This helps visualize how
the wave propagates along the height of the tower. Graphically, the
slope of the line corresponds to the structural speed between the
two specified levels. The propagation of the wave obtained via DIC
is also shown in Fig. 7(b) for Tower 1. Table 4 summarizes the
structural speed results using DIC and the accelerometers for each
tower.

Furthermore, Figs. 11 and 12 show the response time-history
results obtained using both DIC and the low-cost accelerometers
for Tower 3-Run 1 and Tower 2, respectively. These figures present
the total and relative velocity and displacement responses, respec-
tively. The labels “left-spine” and “right-spine” refer to which side

Fig. 7. Tower 1 total particle horizontal velocity map (v1) from the sequence of Ridgecrest 3-D input x1: (a) v1 at times t1–t5 for runs 1–3; and (b) v1
time series from the dots distributed along the spine of the tower.
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Fig. 8. The onset of collapse: (a) buckling mode from Tower 2, Denali 3-D; and (b) peeling mode from Tower 3, Ridgecrest 1-D.

Fig. 9. Identification of onset of collapse: (a) Tower 2, x1 total acceleration a1; and (b) Tower 3, Run 3, total acceleration a1. Left-spine,
right-spine.

© ASCE 04024040-9 J. Struct. Eng.

 J. Struct. Eng., 2024, 150(5): 04024040 

D
ow

nl
oa

de
d 

fr
om

 a
sc

el
ib

ra
ry

.o
rg

 b
y 

U
ni

ve
rs

ity
 o

f 
C

al
if

or
ni

a,
 S

an
 D

ie
go

 o
n 

03
/0

6/
24

. C
op

yr
ig

ht
 A

SC
E

. F
or

 p
er

so
na

l u
se

 o
nl

y;
 a

ll 
ri

gh
ts

 r
es

er
ve

d.



of the spine the block is located, as shown in Fig. 6(b). Further
details on the data processing and comparison of results are dis-
cussed in the following sections.

Achieved versus Target Input Ground Motion

For each of the three tower specimens, the earthquake input mo-
tions to be reproduced by the UC Berkeley shake table (UCB 2023)
were obtained by scaling the two actual earthquake ground motions
considered in this study and defined previously (2019 Mw 7.1
Ridgecrest Earthquake and 2002 Mw 7.9 Denali Earthquake) using
the μ-scaling law (see Table 1). The shake table controller (MTS
4690D) was then tuned with only the center “guide pole” on the
table (to avoid perturbing the tower specimens before testing) for
each of the target (desired) earthquake input motions. The tuning
involved setting optimum values of the feedforward and feedback
gains in the control loop as well as the application of an iterative
time history matching technique (repeatedly modifying the com-
mand input or drive file to the shake table controller) to optimize
the tracking of the target earthquake input motion by the table
(i.e., minimize the discrepancy between the target earthquake input
and the achieved shake table motion).

The shake table controller also applied a band-pass filter to the
μ-scaled earthquake input motions. As a representative example,
Fig. 13(a) compares the target input motion (in terms of accel-
eration, velocity, and displacement in the x1-direction) with the
achieved table motion (1) measured using accelerometers installed

on the edge of the table and (2) obtained from the shake table con-
troller through signal processing applied to the feedback table dis-
placement and acceleration measured through the actuator linear
variable differential transformers (LVDTs) and control feedback ac-
celerometers for the case of Tower 1 subjected to the Ridgecrest 3-D
input motion, first run. The acceleration measured using the accel-
erometers installed on top the table was band-pass filtered between
0.2 and 200 Hz and double integrated in the frequency domain
(Fourier integrated) to obtain the table velocity and displacement. It
was observed that: (1) the measurements of the achieved motion ob-
tained from the accelerometers installed on top of the table and from
the shake table controller were relatively close, and (2) the discrep-
ancy between the target earthquake input motion and the achieved
table motion was reasonable. This discrepancy was due to the im-
perfect nature of the shake table controller (acting on a complex non-
linear dynamic system such as the UC Berkeley shake table) and the
dynamic interaction between the tower and the shake table.

Good agreement between the target and achieved ground mo-
tion was also observed in the response spectra. Figs. 13(b and c)
show the acceleration and displacement, 5% damping, response
spectra of the input ground motions used for Towers 1 and 2 in
the x1-direction. The concept of elasticity was not as relevant when
assessing response of the MTS. The towers are discontinuous and
discrete structures whose dynamic response was governed by fric-
tion and rocking rather than elasticity. For this same reason, neither
the mode shapes nor the natural periods were relevant in the de-
scription of the seismic response. Nonetheless, the response spectra
are still included to provide a better grasp of the intensity of the
ground motions used in the research campaign.

Particle Displacement Response Measured Using
Dynamic DIC

The data frames extracted from each camera’s raw video output
were properly processed, generating a sequence of images; see
Fig. 5(b). The first frame at time t0 captured the tower in its as-
constructed configuration by design because the cameras were en-
sured to trigger prior to any motion of the shake table. Fig. 5(c)
shows the tower in its updated configuration at time t1, and so on
until the final frame of the sequence at time tf.

Fig. 10. Left-spine block total velocity response showing the structural speed (wave propagation along the tower’s height): (a) Denali v1;
(b) Denali v2; (c) Denali v3; and (d) Ridgecrest 1-D v1.

Table 4. Structural speed results

Ground motion Direction Run

Structural speed (m/s)

Via DIC Via accelerometers

Ridgecrest 3D x1 1 86 —
Ridgecrest 3D x1 2 62 —
Ridgecrest 3D x1 3 56 —
Denali 3D x1 1 55 47
Ridgecrest 1D x1 1 78 81
Ridgecrest 1D x1 2 — 70
Ridgecrest 1D x1 3 72 62
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Motion tracking was achieved with Correlated Solutions
VIC-2D (Correlated Solutions 2022) by tracking grayscale value
signatures across the entire image sequence representing the full
video capture. VIC-2D analyzes the grayscale values in the refer-
ence image (at time t0), where displacements are set to 0 by def-
inition, then updates the change in position of each unique subset
frame by frame. The output of the analysis yields the time evolution
of the displacement field within the predefined region of interest.
Once the displacement field is properly obtained, extractions of
points and calculation of the velocity and accelerations filed follow
via standard numerical derivation techniques.

Response Measurements from Accelerometers

All velocity and displacement response time histories were ob-
tained by integrating the corresponding acceleration response in the
frequency domain. The recorded acceleration response data had
to be processed before integration. Signal processing details, along
with the limitations encountered on it, are described in the follow-
ing. Acknowledging the limitations of the methods used for signal
processing allowed us to better interpret the velocity and displace-
ment results.

For the signal processing procedure, a fifth-order Butterworth
bandpass filter with corner frequencies at 0.2 and 100 Hz was

Fig. 11. Block response time history for Tower 3 subjected to Ridgecrest 1-D, Run 1: (a) total velocity v1; (b) total displacement d1; (c) relative
velocity; and (d) relative displacement in x1 direction.

© ASCE 04024040-11 J. Struct. Eng.

 J. Struct. Eng., 2024, 150(5): 04024040 

D
ow

nl
oa

de
d 

fr
om

 a
sc

el
ib

ra
ry

.o
rg

 b
y 

U
ni

ve
rs

ity
 o

f 
C

al
if

or
ni

a,
 S

an
 D

ie
go

 o
n 

03
/0

6/
24

. C
op

yr
ig

ht
 A

SC
E

. F
or

 p
er

so
na

l u
se

 o
nl

y;
 a

ll 
ri

gh
ts

 r
es

er
ve

d.



applied to the acceleration records. Additionally, a high-pass filter
at 0.3 Hz was applied to the velocity records prior to integrating
them into displacements. The corner frequencies were carefully se-
lected after evaluating the frequency content of the raw data in the
Fourier spectra. The DIC velocity results were obtained through
numerical differentiation of the measured displacement results.
Results obtained using both accelerometers and DIC are shown in
Figs. 11 and 12. Despite the good agreement between the DIC and
accelerometer-based results, it can be observed that there was no
perfect fit between both instrumentation systems. A perfect fit was
not expected to occur because DIC measured the response of the
front face of the tower, whereas the accelerometers measured the
response of the opposite side. This difference was more pronounced
on Tower 2 because it was subjected to the Denali 3-D seismic

input, whose additional components introduced more discrepan-
cies between the response at the front and back of the tower,
especially at higher levels; see Fig. 12. These differences also in-
fluenced the structural speed (see Table 4). A DIC and accelerom-
eter comparison shows that structural speed obtained for Tower 3,
which was subjected to 1-D input motion, was much closer than
that for Tower 2, which was subjected to a 3-D input motion. None-
theless, the somewhat surprising agreement between the DIC and
accelerometer-based measured response provides confidence that
the data filtering procedure was appropriate.

Moreover, a limitation of the filtering and integration and differ-
entiation procedure used was revealed when comparing results ob-
tained at lower and higher levels of the tower. It was observed that a
good fit of the processed results at the base level between DIC,

Fig. 12. Block response time history for Tower 2 subjected to Denali 3-D: (a) total velocity v1; (b) total displacement d1; (c) relative velocity; and
(d) relative displacement in x1 direction.
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accelerometers, and controller feedback did not necessarily imply
that the filtering parameters used were the best option to process the
raw measurement data at upper levels. As stated by Akkar and
Boore (2009), tilting and rocking of accelerometers can induce
long-period noise in the recorded acceleration. This causes a drift
in the baseline of the record, leading to nonzero velocity at the
end, which is nonphysical. Furthermore, these issues cause inaccur-
acies in the computed displacement responses. This effect can be
observed in the absolute and relative displacement response time
histories in Figs. 11 and 12. Closer to the base, there was a good
agreement between the DIC data and the integrated displacement.
However, at higher levels, where tilting and rocking were more
prevalent, the discrepancies increased. Therefore, the peak dis-
placement obtained from integration should not be considered
definitive for describing the response of the MTS. In this case,
DIC provided more reliable measured displacement results. None-
theless, the computed displacement records are still useful for
evaluating the overall response of the tower.

Tower 3 was tested three times with the same single-component
input ground motion corresponding to the strong component of the
2019 Ridgecrest Earthquake recorded at the China Lake station.

Some blocks exhibited visible residual displacement offsets during
the first two tests, which eventually led to the tower’s collapse
shortly after the end of the third test. Fig. 14 shows the peak accel-
eration, velocity, and displacement response (i.e., response enve-
lopes) along the height of the tower for each of the three tests.
The solid and dashed lines represent the total and relative re-
sponses, respectively. The acceleration and velocity response en-
velopes for the three tests were similar, which agrees with the DIC
time-history results presented in Fig. 7(b). This dynamic reproduc-
ibility was also observed for repeated tests at 1∶107 scale (Rosakis
et al. 2021). The relative displacement response envelope, on the
other hand, which depends on the residual deformation of the
tower from previous tests, shows an increase in the maximum rel-
ative displacement response from test to test, confirming the visual
observations.

Unlike the full contour maps provided by DIC, accelerometers
allowed us to evaluate the response time history only at the selected
blocks along the spine of the tower. However, the locations of sev-
eral sensors on a single block, as seen in Fig. 6(b), provided more
localized information not captured by DIC. The information in-
cludes intrablock rotation, interblock rotation, and block sliding.

Fig. 13. Target versus achieved earthquake input ground motion: (a) time history of Tower 1 subjected to Ridgecrest 3-D, Run 1, x1 direction;
(b) acceleration; and (c) displacement response spectra from Ridgecrest 3-D, Run 1, and Denali 3-D x1 direction.
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The time histories of these results are shown in Figs. 15 and 16.
Rotation was computed using the difference between the top and
bottom displacements of a single block assuming small rotations,
tanðθÞ ≈ θ. Once the intrablock rotation was computed, the ro-
tation response was differentiated in the frequency domain to
obtain the angular velocity and acceleration responses shown in
Figs. 15(b and c).

Interblock rotation refers to the difference between the rotations
(i.e., relative rotation) of two blocks at consecutive levels, that is,
one on top of the other. Thus, this relative rotation could only be
calculated at levels 36–37 and levels 23–24; see Fig. 16(a). Finally,
block sliding was determined by taking the difference between the
relative displacement responses of two blocks at consecutive levels.
Block sliding displacement and velocity time histories are shown in
Figs. 16(b and c), respectively.

Discussion of Test Results

This section discusses the key collapse mechanisms observed dur-
ing the testing of Towers 1, 2, and 3, as well as the differences in
the structural speed estimated from the test data. Additionally, key
response quantities obtained using both DIC and accelerometers
are compared for Towers 2 and 3. Finally, local interblock and in-
trablock responses derived from accelerometer measurements are
discussed for Tower 3.

Collapse Mechanisms

The MTSs presented two distinct failure modes: (1) midheight
buckling and (2) upper-block peeling. Towers 1 and 3 exhibited an
upper block peeling collapse, whereas Tower 2 exhibited a buck-
ling mode of collapse; see Figs. 8(a and b), respectively. These
failure modes are consistent with the smaller-scale testing on the
same ground motions (Rosakis et al. 2021). The collapse mecha-
nisms could be observed in the accelerometer records. Due to the

limitations of the filtering procedure previously explained and the
difficulty of processing the data after the initiation of collapse
had begun, unprocessed acceleration results were used to identify
the onset of collapse. As previously mentioned, Fig. 9 indicates
through dots the time instants at which collapse initiated along the
height of the tower, and their sequence in time is congruent with the
observed collapse mechanisms. Moreover, when the dots are con-
nected, the dashed line follows the collapse profiles observed on the
snapshots from Fig. 8, confirming the collapse behaviors observed
during the experiments.

Structural Speed

Regarding the structural speed results, a difference as large as
10 m=s was observed when comparing the results obtained from
DIC and the accelerometers. Differences in the recorded data due
to the different locations of the sensors and the effects of the shake
table motion in the x2-direction and x3-direction have already been
discussed. However, the sensitivity of the structural speed is worth
being analyzed. Given that time was scaled down by a factor of 5
(see Table 1), the time delay used when computing the structural
speed was in the order of 1E-1. Thus, with a height of 6.46 m, small
changes in the time delay caused larger differences in the computed
structural speed. For example, for Tower 3-Run 3, the time delays
from the DIC data and accelerometer data were found to be 0.089
and 0.104 s, respectively. The 0.015-s time delay difference be-
tween the two sensing methods caused a 16% variation in the struc-
tural speed.

Furthermore, results from both DIC and accelerometers from
Towers 1 and 3 showed a decrease in structural speed after each
repetition of the ground motion. The results suggest that the cumu-
lative damage could have affected this magnitude. The dislocation
of blocks from a previous run modified the initial condition of the
specimen, thus affecting the structural speed. Blocks’ height vari-
ability (which modifies the initial condition of the tower) and its
effect on the structural speed was analyzed by Harmon et al. (2023).

Fig. 14. Response envelope for Tower 3 subjected to Ridgecrest 1-D at model (tested specimen) and prototype (real-world tower) scales. Total
response (solid) and relative response (dashed).
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However, further research in the topic will be necessary to better
understand how the initial conditions of the specimen relate to the
structural speed.

Key Response Quantities for Tower 2: Denali 3-D

A singular behavior worth discussing is the x2-direction response
of Tower 2 during the Denali 3-D input ground motion. Following
the discussion of the structural speed illustrated in Fig. 10, it was
observed that in the x1-direction and x3-direction, the total response
along the height of the tower followed the response at the base.
Furthermore, the slopes connecting the points of onset of sliding
were similar throughout the height of the tower. However, this
was not the case in the x2-direction, as shown in Fig. 10(b). It is
clearly seen that the blocks at level 15 and up did not follow the
motion observed at base level. This response behavior suggests that
the dislocations between the blocks in the x2-direction were larger
than the ones in the x1-direction. This is an unexpected behavior
given that the interlocking pattern [Figs. 1(b and c)] alternates its
orientation along x1 and x2 at every level. Similar results were ob-
served for Tower 3 subjected to Ridgecrest 1-D when analyzing the

out-of-plane motion (in the x2-direction). Furthermore, data output
from DIC did not capture the out-of-plane response; thus, results
obtained from accelerometer data results could not be compared to
DIC in this case.

Key Response Quantities for Tower 3: Ridgecrest 1-D

An important aspect of Tower 3 is that it was tested three times
sequentially. In Fig. 14, it is observed that the acceleration and
velocity (both total and relative) response envelopes are very sim-
ilar for the three runs. This was corroborated by comparing the
entire response time histories. Nonetheless, when looking at the
displacement response envelopes, it is evident that the maximum
relative displacement, accounting for residual displacements from
the previous tests, increased after each run. From these results,
it was observed that the only differences in the tower configuration
before each of the three tests or runs were the initial imperfections
(i.e., previous residual displacements), which eventually led to col-
lapse of the tower.

Residual displacement was computed by taking an average of
the displacement values toward the end of the relative displacement

Fig. 15. Intrablock rotation response time-histories For Tower 3 subjected to Ridgecrest 1-D, Run 1: (a) block rotation; (b) angular velocity; and
(c) angular acceleration responses.
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record. As explained earlier, the displacement records are very
sensitive to the filtering parameters applied before integration.
Therefore, the residual displacement values obtained did not allow
an accurate prediction of the exact residual displacements expected
at other scales. The objective of computing these quantities was to
account for the existing deformation of the tower from a previous
run of the test.

Another aspect worth discussing is the similarity between the
particle velocity derived from DIC and the accelerometer data.
Velocity was used as the ground for comparison because the DIC
particle velocity was computed through numerical differentiation
of the measured particle displacement, whereas the accelerometer
particle velocity was obtained through integration of the measured
acceleration. The good fit of the results in Fig. 11(a) provides
confidence that the signal processing parameters were selected
appropriately. Moreover, the DIC displacement results served as
a reference to check the doubly integrated acceleration data. As
previously mentioned, long-period noise induced by rocking of
the blocks influenced the filtering and integration procedures
used to obtain the displacement response. This can be observed
in Figs. 11(b) and 12(b) as an offset between the DIC and
accelerometer-based results. Nonetheless, the good agreement is
still surprising, considering that the data were recorded on opposite
sides of the tower specimen. Therefore, the setting and calibra-
tion of the filtering parameters using two fundamentally different

measurement systems proved successful, despite the limitations
encountered.

As previously mentioned, it was observed that the front and
back of the tower behaved very similarly during the seismic base
excitations. This was observed not only during the Ridgecrest 1-D
tests but also during the Denali 3-D test at lower levels. This behav-
ior suggests that the block arrangement pattern at each level, as seen
in Figs. 1(b and c), provided an adequate interlocking mechanism
between blocks throughout the entire tower.

Additional information was obtained from the individual block
results shown in Figs. 15 and 16. First, it is clearly seen that ad-
jacent blocks were rotating out of phase. This suggests that some
blocks were rocking independently during the seismic response.
However, the magnitude of the rotations was small, and despite
the blocks tilting independently, the full tower behaved as an inter-
connected structure. Moreover, isolated large peaks were observed
when analyzing the intrablock and interblock rotation in Figs. 15(a)
and 16(a), respectively. These peaks are even more evident in the
rotational acceleration response shown in Fig. 15(c). This observa-
tion suggests that adjacent blocks were clashing into each other
while rotating, meaning that the blocks interacted not only with the
blocks immediately above and below but also with the horizontally
adjacent blocks. These impacts between blocks in both the horizon-
tal and vertical direction, although induced by very small rotations,
contributed to the energy dissipation capacity of the structure that

Fig. 16. Interblock response time-histories for Tower 3 subjected to Ridgecrest 1-D, Run 1: (a) interblock rotation; (b) interblock displacement/
sliding; and (c) interblock velocity response.
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allowed the tower to withstand two consecutive tests before col-
lapsing shortly after the end of the third one.

Conclusions

Three model MTS towers were successfully built at a 1∶25
scale and tested until collapse under one-component and three-
component strong earthquake ground motions. The towers were
composed of unbonded concrete blocks representing a gravity en-
ergy storage system. The construction of each tower involved a
multiday procedure that required a construction crew and a care-
fully designed assembly system to minimize the geometric imper-
fections when building the specimen. However, despite the quality
control measures, small imperfections were still observed in each of
the three constructed towers. Experimental results allowed analysis
of the seismic response of the structure beginning with the propa-
gation of the seismic wave until collapse. Moreover, the seismic
shake table tests provided important data for numerical model cal-
ibration and comparison across the scales 1∶107 and 1∶25, for which
the μ number proved very effective for scaling purposes.

The motion of all particles in the front of the tower was success-
fully captured with DIC, whereas accelerometers measured the par-
ticle motions at the back of the tower. Despite the imperfections of
the specimen and the location of the accelerometers on the opposite
side of the tower, both measurement methods provided processed
results that closely resembled each other.

Accumulation of damage was observed on two towers, which
were able to withstand two subsequent repetitions of the same input
ground motion before collapsing after the third. The vibrational
response during each subsequent test was very similar to the prior
test with the exception of the accumulated residual displacement
field, which led to the collapse of the tower. On the other hand,
the tower subjected to the near-fault Denali Earthquake ground mo-
tion collapsed during the first execution of the test. Furthermore,
two distinct modes of failure were identified. An upper-block peel-
ing failure was observed on the towers subjected to the three
subsequent ground motions, whereas the tower subjected to the
near-fault ground motion exhibited a midheight buckling collapse
mechanism. These observed failure modes were corroborated with
the data captured by the accelerometers.

The block velocity response was used to evaluate the arrival
of the first seismic wave at every level of the tower along the spine.
The velocity at which the motion propagated from the base to the
top of the tower was defined as the structural speed. Furthermore,
the propagation of the wave along the height of the tower that the
tower responded as an interconnected structure despite the absence
of any bonding material between the blocks. Moreover, both DIC
and accelerometers provided consistent (similar) structural speed
values that could also be scaled using the μ number.

Finally, accelerometers were effective at determining the re-
sponse of single (vertically and horizontally) adjacent blocks. With
results from the interblock and intrablock rotations and block slid-
ing, it was possible to identify relative rotations of neighboring
blocks and impacts between them. The block rocking and impact
response mechanism, along with the friction involved in block slid-
ing, both reproduced analytically In Harmon et al. (2023), contrib-
uted to the energy dissipation capacity of the MTS towers.
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