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ABSTRACT 

Self-centering rocking structures outperform conventional ones since they show zero post-earthquake damage and excellent 
recentering; however, their applications remain limited due to concerns that rocking is extremely sensitive and nonrepeatable. This 
paper investigates the repeatability and parasitic out-of-plane motion of controlled rocking structures with cylindrical columns 
through large-scale triaxial shake table tests. The specimen comprised four slender reinforced concrete columns restrained with 
unbonded steel tendons that provided positive post-uplift stiffness, representing a bridge-like structure at 1:5 scale. A total of 16 
shake table tests were performed: five pairs of nominally identical triaxial tests to assess repeatability and six tests with varying 
directional excitation to quantify out-of-plane motion. The ground motions induced large displacements. Results show high 
repeatability of the shake table response. Displacements showed correlation coefficients of 0.85 for entire time histories. Maximum 

responses, which govern design, showed near-perfect repeatability with correlation coefficients of 0.90 and errors below 10%. 
No systematic relationship between response amplitude and repeatability was observed. Under planar (one-directional) seismic 
excitation, parasitic out-of-plane motion was low compared to uncontrolled rocking systems, with average out-of-plane to in- 
plane displacement ratios below 25%. Independent planar analyses, when geometrically combined, can estimate the bidirectional 
response with reasonable accuracy. The results contradict the perception that rocking behavior is nonrepeatable and show that 
controlled rocking structures with inherent frictional and impact damping can exhibit repeatable seismic response even without 
supplemental energy dissipation. 
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 Introduction 

ocking structures uplift from their base when subjected to strong
round shaking. Rocking is inherent in the seismic response
f a wide range of non-engineered structures [ 1 ], including
olumns of ancient temples [ 2–4 ] and the out-of-plane response
f masonry [ 5–18 ]. Moreover, rocking is prevalent in the seismic
esponse of slender, freestanding structural components [ 19–33 ].
fter uplift, a conventional (uncontrolled/unenhanced) rocking
scillator has negative stiffness; hence, its behavior cannot be
elated to any equivalent elastic system [ 34 ]. 
his is an open access article under the terms of the Creative Commons Attribution-NonC
edium, provided the original work is properly cited and is not used for commercial purp
2026 The Author(s). Earthquake Engineering & Structural Dynamics published by John

arthquake Engineering & Structural Dynamics , 2026; 0:1–18 
ttps://doi.org/10.1002/eqe.70231
Over the last decades, rocking isolation has emerged as a seismic
design strategy where self-centering structures are intentionally
designed to uplift and rock during strong earthquakes. These
structures can be more resilient, economical, and sustainable
than conventional structures designed according to capacity
design. To improve performance, rocking structures can be
coupled with supplemental restrainers (additional stiffness) and
energy dissipation devices (additional damping), resulting in
controlled rocking systems. Self-centering structures outperform
conventional ones by exhibiting zero or minimal post-earthquake
damage and negligible residual displacements. This not only
ommercial License, which permits use, distribution and reproduction in any 
oses. 
 Wiley & Sons Ltd. 
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nsures life safety but also allows immediate occupancy after
ajor seismic events without extensive repairs. The reduced need
or post-earthquake repairs improves economic competitiveness.
oreover, self-centering structures can use less material and
chieve lower costs and environmental impact, as the isolation
ffect of rocking allows structural members and foundations to
e designed for significantly lower seismic loads [ 35 ]. 

he principles of rocking isolation are applicable to bridges
 36–51 ], buildings [ 52–58 ], and other structures across different
aterials, including concrete, steel, and timber [ 59–68 ]. Since
ocking structures are modular rather than monolithic, their
tructural members can be prefabricated, reducing construction
ime and improving quality control. Their modular nature also
akes them adaptable and reconfigurable, enabling nondestruc-
ive decommissioning, repair, and reuse of structural members at
he end of their service life. 

espite their numerous advantages, real-world applications of
ocking structures remain extremely limited [ 69 ]. One of the main
easons is the widespread perception that rocking is extremely
ensitive, hence nonrepeatable and unpredictable [ 70 ]. Sensitiv-
ty, repeatability, and predictability are intertwined and often
sed interchangeably, so their meaning in this study is clarified
elow: 

∙ Sensitivity : A system is sensitive to the parameters that define
it (e.g., geometry, initial conditions, seismic motion) when a
small perturbation of these parameters leads to a significantly
different seismic response. The earthquake engineering com-
munity has loosely used the term “chaotic” to describe such
systems [ 71 ]. 

∙ Repeatability : When the same structure is subjected to the
same ground motion in two sequential, nominally iden-
tical shake table tests, the response should be identical.
However, even under well-controlled laboratory conditions,
two sequential tests cannot be perfectly identical. Hence,
a very sensitive (“chaotic”) structure exhibits a nonre-
peatable response in these repeatability tests, since the
minor (unavoidable) differences between the tests become
crucial. 

∙ Predictability : The seismic response of a structure is pre-
dictable when numerical models can capture its shake table
response. A nonrepeatable system cannot be predictable
in a deterministic sense; when tests are nonrepeatable, no
experimental test can serve as a benchmark. 

ncontrolled (unenhanced) rocking structures are indeed very
ensitive to their parameters. The seminal study of Yim et al.
 70 ] proved that small changes in geometry or ground motion
nput lead to significantly different earthquake responses, and
onrepeatable shake table tests. Aslam et al. [ 72 ] showed that
 small change in the coefficient of restitution significantly
lters the seismic response of rocking blocks. Lachanas and
amvatsikos [ 73 ] and Lachanas et al. [ 74 ] showed that, in the
eterministic sense, uncontrolled rocking block oscillations are
xtremely sensitive to the vertical component of the excitation.
rosos and Anastasopoulos [ 75 ] observed that multidrum rock-
ng columns have significantly different residual displacements
of 18
when subjected to identical shake table tests. Vassiliou et al.
[ 76 ] observed nonrepeatable shake table results when testing
uncontrolled cylindrical columns. 

To overcome the sensitivity of uncontrolled rocking structures
to a single ground motion, previous studies proposed using the
cumulative distribution function (CDF) to describe the statistical
response of structures to a group of ground motions [ 77–88 ].
This method is statistically accurate and compatible with the
stochastic nature of seismic design. When designing a structure,
one uses a group of ground motions that define the seismic hazard
of the given location, and the question becomes the statistical
response of the structure to this group of ground motions (not
the response to a single ground motion). Moreover, CDF curves
are a powerful visualization tool that allows the identification of
trends in large datasets. However, this method has reasonable
limitations: (i) it is time-consuming and requires significant
computational resources (as it requires numerous time-history
analyses), and (ii) the selection of the number and properties of
the ground motions used is nontrivial, as no such guidelines exist
[ 89 ]. 

In contrast to uncontrolled rocking structures, numerous studies
on controlled rocking structures have shown repeatable and
predictable results. Zaki et al. [ 89 ] provide a detailed review on
this topic, which is briefly summarized here for completeness.
Midorikawa et al. [ 90 ] tested a controlled rocking concentrically
braced frame (CBF) with yielding base plates at its base. The
rocking rotations were limited to 0.01 α (where α is the slenderness
of the rocking block) and showed good agreement with numerical
models. Tremblay et al. [ 35 ] and Mottier et al. [ 91 ] tested two-
story controlled rocking CBFs with external dampers to rocking
rotations up to 0.04 α. The numerical models predicted the roof
displacement well. Wiebe and Christopoulos [ 92–94 ] and Wiebe
et al. [ 95, 96 ] tested eight-story controlled rocking CBFs with
auxiliary post-tensioning, friction devices, and a second rocking
joint at the frame’s mid-height to limit higher mode effects. As
before, the numerical and experimental results were in good
agreement. 

Zaki et al. [ 89 ] used planar analytical models to assess the
sensitivity of rocking structures with varying levels of auxiliary
stiffness, damping, and superstructure properties. They com-
pared the maximum displacement of benchmark rocking systems
with that of the same systems subjected to a ± 10% perturbation
in either the column height, slenderness ratio, or coefficient
of restitution. They also evaluated the effectiveness of auxiliary
stiffness, auxiliary damping, and superstructure characteristics
in reducing system sensitivity. The sensitivity of the rocking
systems was then compared to that of conventional elastoplastic
systems. Their results indicated that by adding supplemental
damping, increasing the contribution of superstructure, and
limiting rocking rotation below 0.05 α, the sensitivity of rock-
ing systems to perturbations can be substantially reduced and
become comparable to that of conventional elastoplastic sys-
tems. Although the authors noted that experimental studies are
required to validate these analytical findings, the results provide
valuable insights for understanding the fundamental aspects of
sensitivity, repeatability, and predictability in rocking structures,
which currently constrain their practical application. 
Earthquake Engineering & Structural Dynamics, 2026
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ll the aforementioned experimental studies on controlled rock-
ng structures share the following characteristics: 

) Very low rocking rotations (below 0.05 α): This means that
he displacements were below 5% of the static displacement that
ould topple the uncontrolled rocking block. Under strong earth-
uakes, maintaining low displacements requires high auxiliary
tiffness through stiff supplemental restrainers (tendons). This
eads to high forces in the superstructure and requires adequately
trong structural members. As an alternative design approach,
llowing larger displacements could lead to improved seismic
solation effects. 

i) External damping enhancements: The studies use yielding
lates/rebars, friction damping, or viscous damping to limit
isplacements. Despite the undeniable efficiency of these meth-
ds, many have argued that rocking structures inherently have
onsiderable damping (due to impact and friction); with some
ven claiming that this inherent damping suffices to ensure very
igh seismic stability [ 97 ]. 

ii) Consideration of only planar response: The consideration
f planar response is a necessary and valuable first step; how-
ver, a lack of sensitivity in the planar rocking response does
ot guarantee the same in the three-dimensional (3D) rocking
esponse, which is known to be much more complicated [ 76,
7 ]. Moreover, the sensitivity of cylindrical rocking columns
as not been studied. Cylindrical rocking columns have been
idely used since antiquity and have inherently coupled 3D
esponse; since their base is circular, planar excitation leads to
D rocking/wobbling and “parasitic” displacements in the out-
f-plane direction. In fact, in shake table tests of uncontrolled
ylindrical rocking columns [ 75 ], “parasitic” out-of-plane motion
as oftentimes larger than the in-plane motion. 

ollowing the valuable recent findings of [ 89 ] on the sensitivity
f rocking and the limitations identified in the existing literature,
he present study investigates the repeatability and parasitic out-
f-plane motion in controlled rocking structures with cylindrical
olumns through large-scale shake table tests. This study is
he first to investigate the repeatability of controlled rocking
tructures with positive post-uplift stiffness: (i) under large
isplacements (rotations); (ii) with cylindrical columns; (iii) with-
ut additional damping; (iv) under triaxial seismic excitation.
oreover, it is the first study to investigate the parasitic out-of-
lane motion of controlled rocking structures with cylindrical
olumns. 

his paper provides experimental results on the long-standing
iscussion about the sensitivity, repeatability, and predictability
f rocking motion, including the role of inherent damping
impact and friction). The results aim to facilitate the design
nd implementation of controlled rocking structures with pos-
tive post-uplift stiffness. Moreover, the paper quantifies the
arasitic out-of-plane motion in controlled rocking structures
ith cylindrical columns, assesses the accuracy of performing
ndependent planar analyses for two horizontal directions and
ombining the results, and facilitates the design and execution
f shake table tests of such structures using uniaxial shake tables
which are much more common than two- or three-directional
nes). 
arthquake Engineering & Structural Dynamics, 2026

i

2 Mechanics of the Controlled Rocking Frame 

The lateral force–displacement relation of a controlled rocking
frame with unbonded tendons (anchored at the bottom end of the
columns and at the top of the slab) appears in Equation ( 1 ). 

𝐹 = [ ( 0 . 5 + 𝛾) 𝑁𝑚𝑐 𝑔 𝛼sgn ( 𝑢) ] + [ 0 . 5 𝑁𝑘𝑟 𝑒 𝑠 𝑏𝛼 − ( 0 . 5 + 𝛾) 𝑁𝑚𝑐 𝑔 ] 
𝑢

2 ℎ
(1)

In Equation ( 1 ) and Figure 1 , mc is the mass of each column, mb
is the mass of the cap beam (slab), and N is the total number
of columns. The slab-to-column mass ratio is defined as γ =
mb /( N × mc ). The diameter and height of the column are 2b and
2h , respectively. The semi-diagonal of the column, its slenderness,
and its tilt angle are R , α = 2b / 2h , and θ, respectively. The
gravitational acceleration is g . Under lateral force F , the lateral
displacement of the frame is u . The axial stiffness of the tendons
is kres . The “critical” value of the tendon stiffness is noted as kcrit ,
with kres > kcrit , kres = kcrit , and kres < kcrit leading to positive,
zero, and negative post-uplift stiffness, respectively [ 98, 99 ]. From
Equation ( 1 ), it follows that 𝑘𝑐 𝑟 𝑖𝑡 =

[(1 + 2 𝛾)𝑚𝑐 𝑔 ] 

𝛼𝑏 
. The post-uplift

stiffness of the frame is given in Equation ( 2 ): 

𝐾𝑝 𝑜 𝑠 𝑡− 𝑢𝑝 𝑙𝑖 𝑓 𝑡 =
[ 
1 

2 
𝑁𝑘𝑟 𝑒 𝑠 𝑏𝛼 −

( 

1 

2 
+ 𝛾

) 

𝑁𝑚𝑐 𝑔 

] 
1 

2 ℎ 
(2)

When Kpost-uplift is positive and by lumping half of the column mass
at the top and half at the bottom, the structural eigenperiod is
calculated using Equation ( 3 ): 

𝑇𝑝 𝑜 𝑠 𝑡− 𝑢𝑝 𝑙𝑖 𝑓 𝑡 = 2 𝜋

√ 

𝑚𝑏 + ( 0 . 5 𝑁𝑚𝑐 ) 

𝐾 

(3)

Figure 1C plots the “pushover” response of the controlled rocking
frame for increasing values of kres . For negative post-uplift
stiffness systems, the “displacement capacity” is the point of
neutral equilibrium (overturn) [ 99 ]. For kres = 0 (no tendons), the
displacement capacity of the frame equals the base of the column
( 2b ). The displacement capacity increases with increasing kres .
The post-uplift stiffness is zero for kres = kcrit . When kres > kcrit ,
the post-uplift stiffness becomes positive, and the displacement
capacity of the system is no longer related to overturning;
failure is only governed by tensile fracture of the tendons or
material failure of the columns. Anchoring the tendon within
the foundation would increase the post-uplift stiffness of the
restraining system by a factor of four [ 99 ]. 

3 Shake Table Testing 

3.1 Specimen Description 

The specimen comprised four columns and a slab (Figure 2 ).
This specimen was tested in Ref. [ 97 ] under 184 triaxial design-
level ground motions and showed zero damage and minimal
residual displacements. As it is highly resilient, it is used in
the present paper to investigate in detail two additional and
independent phenomena: repeatability and parasitic out-of-plane
motion. The prototype-to-model scale was SL = 1/5. The scaling
laws for reduced-scale physical modeling appear in Ref. [ 100 ]. To
preserve similitude, the ground motions were scaled in frequency
3 of 18
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FIGURE 1 (A) Sketch of a freestanding rocking block; (B) sketch of a controlled rocking frame; (C) lateral force–displacement response of the 
frame for varying kres. 

FIGURE 2 (A) View of the controlled rocking specimen; (B) detail of the top anchorage of the tendon; (C) detail of the base of the freestanding 
piers and the sliding restrainers. 
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y 5 so that the model represents a prototype with five times
arger columns. All elements were made of reinforced concrete
RC). The total mass of the slab and the four columns was
pproximately 9435 and 550 kg, respectively, leading to a slab-
o-column mass ratio of γ = 17. An unbonded (ungrouted) steel
endon passes through each column. It is anchored at the base
f the columns (through a socket clamped on the tendon and
 threaded tube welded at the bottom of the steel jacket) and
bove the slab (using a similar connection) (Figure 3B,C,E ). The
pecimen is a simplified model of a bridge, and its dimensions
ppear in Figure 3 . The construction details can be found in
 101 ]. The slab weight results in a normalized axial load in
he columns equal to ν = Ν/( Αc × fcd ) = 3.3%, where N is the
xial load, Ac is the cross-sectional area of the column, and
cd is the design compressive strength of concrete. This value
s on the low side of realistic values in bridge design. The
of 18
specimen was symmetric without deliberate mass eccentricity;
future studies are encouraged to study this effect. Moreover, even
under controlled laboratory conditions, specimens have minor
imperfections that break symmetry and induce torsion. Practical
applications must account for these deviations. 

Steel plates were welded on the top of the columns to restrain
lateral motion of the tendon within its duct. The tendon was a
19-wire strand with an external diameter of 16 mm. The wires
were placed in a 12 × 6 × 1 configuration (Figure 3D ). Three
tendons were tested in uniaxial tension to obtain their mechanical
properties. The average strength and stiffness of the tendons were
160.3 kN and 7200 kN/m, respectively. According to Equation ( 3 ),
this gives a post-uplift eigenperiod of 2.2 s in the model scale (4.9
s in the prototype scale). For seismic isolation applications, this
eigenperiod is quite high, but recentering is guaranteed in rocking
Earthquake Engineering & Structural Dynamics, 2026
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FIGURE 3 (A) Side view of the controlled rocking specimen; (B) unbonded tendon; (C) detail of the top tendon socket; (D) detail of the tendon 
strand; (E) detail of the bottom tendon socket. All dimensions are in millimeter. 

FIGURE 4 Instrumentation of the shake-table tests. (A) Side view; (B) top view. 

s  

c

3

T  

q  

A  

o  

o  

U  

a  

d

3

T  

e  

f  

u  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

E

 10969845, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/eqe.70231 by E

cole Polytechnique D
e M

ontreal, W
iley O

nline L
ibrary on [09/07/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reati
ystems even at such long isolation periods. The structure did not
omprise external energy dissipaters. 

.2 Shake Table Specifications 

he shake table tests were performed at the Laboratory for Earth-
uake Engineering (LEE) of the National Technical University of
thens (NTUA). The shake table comprises a 4 × 4 m, six-degrees-
f-freedom platform. The displacement and velocity capacities
f the shake table are ± 100 mm and 1000 mm/s, respectively.
nder a maximum payload of 10 tons, the shake table can apply
ccelerations of 2 and 4 g in the two horizontal and vertical
irections, respectively. 

.3 Instrumentation 

he RC slab was instrumented with four triaxial accelerom-
ters (Figure 4 ). The horizontal displacements of the slab,
rom which the slab rotation was computed, were measured
sing 6 draw-wire displacement sensors. Three of these sensors
arthquake Engineering & Structural Dynamics, 2026
were placed in the northern part of the RC slab to mea-
sure displacements parallel to the y -axis, and the remaining
three were placed in the eastern part to measure displace-
ments parallel to the x -axis (Figure 4 ). Four cable-extension
position transducers, located at the center of each side of
the RC slab, measured the vertical displacements (Figure 4 ).
All displacements were recorded using cable-extension position
transducers with an accuracy of 0.1%. All tendons were equipped
with uniaxial load cells at their top ends (Figures 2B and 4 ).
Eight additional accelerometers and displacement sensors inte-
grated into the shake table actuators measured the acceleration
and displacement of the shake table. The accelerations were
recorded with an accuracy of 0.01% of the measured value.
The sampling frequency of all measurements ranged between
225 and 450 Hz, depending on the duration of the ground
motion. 

3.4 Response Quantities of Interest 

The main response quantities extracted from the experimental
data were as follows: 
5 of 18
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TABLE 1 List of the ground motions used. 

Test no. Test type M Year Name 
Recording 
station 

PEER 

RSN Type Component 

1–2 Repeatability 7.5 1999 Kocaeli Duzce 1158 FF X , Y , Z 
3–4 Repeatability 6 1987 Whittier 

Narrows-01 
Downey—
Birchdale 

614 FF X , Y , Z 

5–6 Repeatability 7 2010 El Mayor–
Cucapah 

El Centro 
Array #12 

8161 NFP X , Y , Z 

7–8 Repeatability 6.5 1987 Superstition 
Hills-02 

Parachute Test 
Site 

723 NFP X , Y , Z 

9–10 Repeatability 6.5 1979 Imperial 
Valley-06 

Bonds Corner 160 NFNP X , Y , Z 

11 Parasitic 
out-of-plane 

6.4 1983 Coalinga-01 Parkfield—
Fault Zone 

14 

338 FF X 

12 Parasitic 
out-of-plane 

6.4 1983 Coalinga-01 Parkfield—
Fault Zone 

14 

338 FF Y 

13 Parasitic 
out-of-plane 

6.4 1983 Coalinga-01 Parkfield—
Fault Zone 

14 

338 FF X , Y 

14 Parasitic 
out-of-plane 

7.3 1992 Landers Coolwater 848 FF X 

15 Parasitic 
out-of-plane 

7.3 1992 Landers Coolwater 848 FF Y 

16 Parasitic 
out-of-plane 

7.3 1992 Landers Coolwater 848 FF X , Y 

i  

t  

n

i  

s

i

i  

y

3

A  

f  

f  

f  

f  

s  

√  

FIGURE 5 Pseudo-acceleration elastic response spectra ( ζ = 5%) of 
the ground motions used in the shake table tests and comparison with the 
design spectrum of Athens, Greece. 
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. The displacement at the center of the slab (relative to the shake
able) along the x - and the y -axis, (Displ. X , Displ. Y ), as well as its
orm, equal to: 

Displ . =
√ 

( Displ . 𝑋 ) 
2 + ( Displ . 𝑌 ) 

2 
. 

i. The slab rotation (torsion) around its vertical axis ( z -axis). The
lab rotation around the x - or the y -axis was negligible. 

ii. The tendon forces ( TF ) of the four tendons. 

v. The acceleration at the center of the slab along the x - and the
 -axis, ( AX, AY ), as well as its norm equal to 

Accel . =
√ 

( Accel . 𝑋 ) 
2 + ( Accel . 𝑌 ) 

2 
. 

.5 Ground Motion Selection 

 total of 16 shake table tests were performed within the
ramework of the present study. The ground motions originated
rom all three categories of FEMA P695 [ 102 ], including near-
ield pulse-like (NFP), near-field no pulse-like (NFNP), and
ar-field (FF). As the tests were conducted at 1:5 scale (length
cale SL = 1/5), the ground motions were time-scaled to ST =
SL = 0.447. Table 1 lists the ground motions used, whereas
of 18
Figure 5 plots the elastic spectra ( ζ = 5%) of the as-applied
ground motions, together with the design spectrum of Athens,
Greece, according to EC8 [ 103 ], assuming soil type A and
importance factor 1, also scaled in time by 0.447. The blue-
shaded area of Figure 5 shows the range of the structural
eigenperiod, which ranges between T = 2.1 s and T = 2.3
s, depending on the definition of the tendon stiffness (secant
stiffness at different load levels) and using Equation ( 2 ). In
Earthquake Engineering & Structural Dynamics, 2026
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rototype scale, the eigenperiod ranged between T = 4.7 s and T
 5.1 s. 

.6 Repeatability Assessment 

onventional (monolithic) bridges are severely damaged after
esign-level ground motions. This makes repeatability tests
mpossible, as the same structure cannot be tested twice. How-
ver, rocking bridges show minimal or zero damage and residual
isplacements under design-level earthquakes; thus, repeatability
ests are possible. Tests 1–10 assessed the repeatability of the shake
able response. These tests were organized in five identical pairs:
ests 1–2, 3–4, 5–6, 7–8, and 9–10 (i.e., Test 2 replicated Test 1,
est 4 replicated Test 3, etc.). Tests 1–10 were triaxial, meaning
hat all three components of ground motion ( X , Y , Z ) were
pplied simultaneously (Table 1 ). After each test, the structure
as inspected for damage. Since no damage was observed, the
tructure was tested again. It should be noted that two sequential
ominally identical shake table tests are never fully identical
ue to inherent perturbations between tests. These perturbations
riginate from the following two sources: 

) Signal reproduction error: The applied motion inevitably differs
rom the target motion due to inherent system nonlinearities and
ynamic interactions between the table and the specimen. This
iscrepancy is nonconstant; consequently, the applied motions
re never identical across repeated tests [ 104 ]. 

i) Imperfect recentering: After each test, the specimen did not
eturn exactly to its initial position. The residual displacements
ere minimal (a few millimeters), yet nonzero. Since the residual
isplacements were so small, manual recentering would not
mprove accuracy and was not performed. As a result, the initial
osition between nominally identical tests differed. 

.7 Parasitic Out-of-Plane Motion Assessment 

ocking structures with cylindrical columns are known to exhibit
ignificant out-of-plane response when subjected to planar exci-
ation due to wobbling. Tests 11–16 were performed to assess this
arasitic out-of-plane motion. Depending on the test, specific
omponents of the ground motion were applied ( X only, Y only,
r X and Y simultaneously), as seen in Table 1 . For example,
est 11 applied only the X component of the Coalinga-01 ground
otion, Test 12 applied only the Y component of the same
round motion, and Test 13 applied both the X and Y components
imultaneously. The same procedure was followed for Tests 14–
6. The objectives were (i) to assess the magnitude of the out-of-
lane response when the excitation is planar, and (ii) to evaluate
hether applying each component independently in different
ests and combining the results would yield the same outcome
s applying both components simultaneously in one test. 

.8 Quantification Metrics 

o quantify the repeatability and the parasitic out-of-plane
otion of the shake table tests, the following metrics are used

 105 ]: 
arthquake Engineering & Structural Dynamics, 2026
∙ Pearson correlation coefficient ( R ): R quantifies the linear
similarity between data points (or time histories). It ranges
between R = − 1 and R = 1. R = 1 and R = − 1 indicate
perfect positive or perfect negative linear correlation. R = 0
indicates zero correlation. 

∙ Normalized mean absolute error (NMAE): The NMAE
quantifies the average pointwise discrepancy between two
time histories, normalized by the characteristic amplitude
of the reference signal and expressed as a percentage, with
lower values indicating lower error and higher correlation.
For example, an NMAE of 10% indicates that the average
absolute difference between the two time histories equals
10% of the characteristic amplitude. 

∙ Root-Mean-Square (RMS) ratio ( Crms ): Crms quantifies the
relative amplitude of two time histories by comparing their
RMS values. Crms is expressed as a percentage. For example,
Crms = 10% indicates that the out-of-plane response is, on
average, 10% of the in-plane response. 

∙ Energy-based coupling index ( Cenergy ): Cenergy quantifies the
cumulative out-of-plane response energy relative to the in-
plane response energy over the entire record duration, based
on the time-integrated squared response histories. It shows
the relative distribution of response energy between the
two directions. The term “energy” refers here to the time-
integrated squared response (signal energy) and not to the
physical mechanical energy of the structure. For example,
Cenergy = 10% means that the out-of-plane energy is 10% of
the in-plane. Cenergy can exceed 100%, which would mean
that the out-of-plane response is larger than the in-plane
response. 

4 Results 

4.1 Repeatability Results 

Figures 6 and 7 provide detailed insights into the repeatability
of the shake table response. Figure 6 shows the repeatability
results of the tests with the lowest response (Tests 3–4), where
the maximum displacement was 16.5 mm ( θ = 0.084 α). Figure 7
shows the corresponding results for the tests with the largest
response (Tests 9–10), where the maximum displacement was
74.8 mm ( θ= 0.38 α). Both figures show displacements along each
horizontal axis (Disp. X and Disp. Y ) and their resultant (Disp.),
accelerations along each horizontal axis (Accel. X and Accel. Y )
and their resultant (Accel.), slab rotation around its vertical axis,
the tendon force of each tendon ( TF ), displacement orbits, and
acceleration–displacement loops along each horizontal axis. The
two lines (black and red) correspond to the two tests in each pair
(Tests 3 and 4 or Tests 9 and 10, respectively). The correlation
coefficient ( R ) and NMAE of the entire time history are noted
inside each subplot. 

The main conclusions from Figures 6 and 7 are summarized as
follows: 

∙ Displacements show high repeatability. The entire time his-
tory is largely identical and often indistinguishable, with R =
0.74–0.94 and NMAE = 5%–8%. The maximum displacements
mostly appear at the same time instant and show very low
errors (between 1% and 9%). 
7 of 18
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R = 0.94

NMAE= 8%

R = 0.96

NMAE= 3%

R = 0.85

NMAE= 6%

R = 0.87

NMAE= 6%

R = 0.90

NMAE= 6%

R = 0.94

NMAE= 6%

R = 0.11

NMAE= 17%

R = 0.61

NMAE= 9%

R = 0.93

NMAE= 4%

R = 0.79

NMAE= 13%

R = 0.85

NMAE= 8%

FIGURE 6 Repeatability test and comparison of Tests 3 and 4. 
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∙ Accelerations are also repeatable, with R = 0.50–0.96, and
NMAE = 3%–15%. The peak accelerations have negligible
magnitude errors. 

∙ Slab rotation clearly shows the lowest correlation, with R
= 0.11–0.13 and NMAE = 17%–20%. This indicates high
sensitivity of the rotational kinematics to small variations
of 18
in boundary conditions. This phenomenon likely originates
from the structure’s rotational stiffness, which is arguably
lower than its translational stiffness 

∙ Tendon forces show moderate to high repeatability, with R =
0.61–0.93 and NMAE = 4%–13%. The average maximum force
error was 6%. It is noted that, in theory, the tendon forces
Earthquake Engineering & Structural Dynamics, 2026
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R = 0.74

NMAE= 8%

R = 0.56

NMAE= 14%

R = 0.83

NMAE= 5%

R = 0.50

NMAE= 13%

R = 0.85

NMAE= 6%

R = 0.70

NMAE= 15%

R = 0.13

NMAE= 20%

R = 0.85

NMAE= 5%

R = 0.81

NMAE= 5%

R = 0.62

NMAE= 9%

R = 0.78

NMAE= 5%

FIGURE 7 Repeatability test and comparison of Tests 9 and 10. 
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should be identical for all four tendons. This is not observed
because torsion and minor structural imperfections lead to
asymmetric engagement of the tendons and varying forces
among them. 
arthquake Engineering & Structural Dynamics, 2026
∙ Displacement orbits and acceleration–displacement loops
show consistent and repeatable patterns. The repeatable
thickness of the acceleration–displacement loops indicates
repeatable energy dissipation. In Figure 6 , the structure
9 of 18
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FIGURE 8 Peak value of each response magnitude in the repeatability tests. 
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mainly remains in the pre-uplift phase, whereas in Figure 7 ,
the structure enters the post-uplift phase. 

igure 8 shows the maximum response of each test (Tests 1–10)
nd its repetition in the form of scatter plots. The horizontal axis
hows the maximum response of the first test (Tests 1, 3, 5, 7, and
), whereas the vertical axis shows the corresponding magnitude
or the repetition test (Tests 2, 4, 6, 8, and 10). Each subplot refers
o a different response magnitude, as seen in the corresponding
itle. The correlation coefficient of the maximum responses ( Rmax )
s noted inside each subplot, together with the average error
etween the tests. The different tests are indicated with different
arkers, as shown in the legend. The tests discussed in detail
n Figures 6 and 7 are indicated with a red square (Tests 3–4)
nd a red circle (Tests 9–10). The conclusions from Figure 8 are
ummarized as follows: 

∙ The results demonstrate high overall repeatability of the peak
response for all metrics ( Rmax = 0.76–0.99). 

∙ Maximum displacements show the highest repeatability, with
near-perfect correlation ( Rmax = 0.96–0.99), followed by ten-
don forces ( Rmax = 0.89–0.98). Peak accelerations and rotations
have the lowest correlation ( Rmax = 0.76–0.85), which is still
high. 

∙ Maximum displacements have the lowest error (4%–8%),
followed by accelerations and tendon forces with errors of 6–
13% and 11–19%, respectively. Slab rotations have the highest
error with 27%. 
0 of 18
∙ Tendon 4 has slightly higher tendon forces than the other
three, but no systematic trend appears, with different tests
leading to higher forces in different tendons. 

∙ No systematic bias is observed, since the points are distributed
both below and above the diagonal. 

∙ The amplitude of the response does not systematically affect
the repeatability. This means that small- and large- amplitude
tests are equally repeatable. 

To better understand the repeatability of the response, the
correlation coefficient ( R ) of the entire time history (not of its peak
value) appears on the vertical axis of Figure 9 . The horizontal axis
shows the maximum displacement of each pair of tests in an effort
to identify trends between R and the response amplitude. The
average R of the five test pairs ( Rmean ) is shown with a horizontal
red dot-dash line. The R of the maxima ( Rmax from Figure 8 ) is
shown with a black dashed line. The conclusions from Figure 9
are summarized as follows: 

∙ Displacements consistently show the highest values of R , with
limited scatter around Rmean = 0.8–0.89. Tendon forces are
the second-most repeatable quantity, with Rmean = 0.75–0.84,
followed by accelerations with Rmean = 0.68–0.77. 

∙ Rotations are clearly the least repeatable quantity, with
Rmean = 0.45 and high scatter of the points ranging from R =
0.11–0.82. 
Earthquake Engineering & Structural Dynamics, 2026
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FIGURE 9 Correlation coefficient ( R ) of the entire time history of each test and its repetition plotted against the maximum displacement of each 
test pair. 
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∙ As in Rmax , no systematic trend is observed between Rmean and
the amplitude of the response. 

∙ In all cases, the Rmax (dashed black line) is significantly higher
than the average R of the entire time history, proving that the
maximum response is much more repeatable than the entire
time history. This is noteworthy, as the maximum response
governs design. 

he repeatability of the time history response was also quantified
ith the NMAE, which appears on the vertical axis of Figure 10 .
he horizontal axis shows the maximum displacement of each
air of tests to identify trends between NMAE and the response
mplitude. The mean value of the five test pairs in each subplot
ppears as a dot-dash line ( NMAEmean ). The conclusions from
igure 10 are summarized as follows: 

∙ Overall, the response is repeatable with reasonable values of
NMAE, and in most cases NMAEmean ≤ 10%. 

∙ Displacements consistently have the lowest error (NMAE ≤
10%, NMAEmean ≤ 6%), followed by tendon forces (NMAE
≤ 15%, NMAEmean ≤ 8%) and accelerations (NMAE ≤ 20%,
NMAEmean ≈ 10%). 

∙ Rotations have overall the highest error values and the highest
scatter around those values (NMAE ≤ 21%, NMAEmean ≈ 11%).
This agrees with the conclusions from the previous metrics. 
arthquake Engineering & Structural Dynamics, 2026
∙ No systematic correlation is observed between the amplitude
of the response and NMAE. This agrees with the conclusions
from the previous metrics. 

4.2 Out-of-plane 

Figures 11 and 12 provide insights into the parasitic out-of-plane
motion of controlled rocking structures (Tests 12 and 14). In
these tests, only one horizontal excitation component is applied
(components Y and X in Tests 12 and 14, respectively). Tests 12
and 14 are shown since they exhibit the largest and smallest
out-of-plane response, respectively. The in-plane and out-of-
plane responses are quantified using displacements, rotations,
and accelerations. The conclusions from Figures 11 and 12 are
summarized as follows: 

∙ The out-of-plane response is generally small and much more
limited than in the case of unrestrained rocking structures
[ 75 ]. Significant uplift is observed in the in-plane response;
however, the out-of-plane response remains in the pre-uplift
range (Figures 11 and 12 , bottom right). 

∙ The ratio of the out-of-plane to in-plane maximum displace-
ment is 9 mm/30.2 mm = 30% and 5.2 mm/29.8 mm = 17% for
Tests 12 and 14, respectively (Figures 11 and 12 , top left). 
11 of 18
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FIGURE 10 Normalized mean absolute error (NMAE) of the entire time-history. 

Crms = 34%

Cenergy = 12%

FIGURE 11 Quantification of the parasitic out-of-plane motion (Test 12). 

12 of 18 Earthquake Engineering & Structural Dynamics, 2026
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Crms = 14%

Cenergy = 2%

FIGURE 12 Quantification of the parasitic out-of-plane motion (Test 14). 
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∙ Even though the out-of-plane response remains in the pre-
uplift phase, the out-of-plane accelerations are significant.
For Tests 12 and 14, the out-of-plane to in-plane maximum
acceleration is 0.10 g/0.13 g = 77% and 0.07 g/0.14 g = 50%
(Figures 11 and 12 , top right). 

∙ The in-plane and out-of-plane displacement time histories
show low correlation, with R = 0.46 and R = 0.11, respectively.

∙ Under planar loading, the maximum slab rotations are very
low: 0.0039 and 0.0058 rad. This points to the possibility that
slab rotation is amplified under multidirectional excitations.
Even though no solid conclusions can be drawn due to the lim-
ited number of planar tests, this is worth further investigation
to better understand torsion in rocking structures. 

∙ The RMS ratio ( Crms ) is low: Crms = 34% and Crms = 14%. This
means that the out-of-plane response is on average 14%–34%
of the in-plane response. 

∙ The energy-based coupling index is very low ( Cenergy = 12% and
Cenergy = 2%), hence the out-of-plane response is only a small
fraction of the in-plane response. 

∙ The in-plane motion precedes the out-of-plane by 1–5 s,
depending on the test (i.e., there is a time lag between the two,
with in-plane motion appearing first). This is reasonable, as
the out-of-plane motion is a parasitic quantity induced by the
in-plane motion that leads to wobbling of the columns. 

igure 13 assesses the accuracy of performing independent planar
nalyses for two horizontal directions and combining the results
o approximate the bidirectional response. Tests 11 and 12 were
arthquake Engineering & Structural Dynamics, 2026
subjected to only the X and Y components of the Coalinga-01
(Parkfield—Fault Zone 14) ground motion, respectively (Table 1 ),
and the results were geometrically combined (Section 3.4 ). Test 13
was simultaneously subjected to both the X and Y components of
the same ground motion (Table 1 ). The conclusions from Figure 13
are summarized as follows: 

∙ Applying the two horizontal components of the excitation
independently and combining them geometrically provides a
reasonable, yet nonconservative , estimate of the bidirectional
response. This is an important conclusion that holds for con-
trolled rocking structures with positive post-uplift stiffness,
post-uplift eigenperiod, and geometries similar to the one
tested. 

∙ The planar approximation predicts the maximum response
of the bidirectional tests well. The error in maximum dis-
placement and maximum acceleration was less than 5%. The
maximum rotation error was 8%. The error in maximum
tendon forces ranged between 9% and 26%. In all cases, the
planar approximation is nonconservative. 

∙ The planar approximation correlates well with the time
history of the displacements and accelerations, with R = 0.61,
NMAE = 9% and R = 0.73, NMAE = 11%, respectively. 

∙ The planar approximation significantly underestimates the
bidirectional slab rotation ( R = 0.23 and NMAE = 10%).
As in the conclusions from Figures 11 and 12 , bidirectional
excitations significantly amplify slab rotations. 

∙ Tendon forces depend on the displacements at the corners of
the slab, which depend on slab rotation. As the planar approx-
13 of 18
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R = 0.61

NMAE= 9%

R = 0.68

NMAE= 4%

R = 0.61

NMAE= 9%

R = 0.64

NMAE= 6%

R = 0.54

NMAE= 10%

R = 0.73

NMAE= 11%

R = 0.23

NMAE= 10%

FIGURE 13 Comparison of the combined response from two planar analyses (Tests 11 and 12) to the bidirectional response (Test 13). 
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imation underestimates slab rotation, it also underestimates
tendon forces, with R = 0.54–0.68 and NMAE = 4%–10%. 

∙ The bidirectional test oscillates for a longer time, indicating
lower energy dissipation. 

∙ The acceleration–displacement plots match well with negligi-
ble differences. 
4 of 18
5 Conclusions 

This paper studies the repeatability and the parasitic out-of-plane
motion of controlled rocking structures with cylindrical columns
through large-scale triaxial shake table tests. Rocking structures
outperform conventional ones since they are self-centering and
show zero post-earthquake damage. However, their widespread
Earthquake Engineering & Structural Dynamics, 2026
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pplication has been hindered by the perception that rocking
s inherently sensitive and unpredictable. This sensitivity is so
ronounced in unenhanced rocking that it makes shake table
ests nonrepeatable, a phenomenon that led rocking motion to be
ermed “chaotic.”

his study is the first to investigate the repeatability of con-
rolled rocking structures: (i) under large displacements; (ii)
ith cylindrical columns; (iii) without additional damping; (iv)
nder triaxial seismic excitation. Moreover, it is the first to
nvestigate the parasitic out-of-plane motion of controlled rocking
tructures with cylindrical columns. A bridge-like specimen was
uilt and tested under 16 seismic motions in a 1:5 scale. The
pecimen comprised four slender cylindrical columns capped
ith a slab. All members were made of reinforced concrete.
nbonded steel tendons were connected at the bottom of the
olumns and at the top of the slab, leading to a controlled
ocking response with positive post-uplift stiffness and a post-
plift eigenperiod of approximately 5 sec. Even though external
amping is considered essential to provide repeatable rocking
esults, the present study did not use auxiliary damping devices;
he only damping mechanisms present were those inherent to
ocking motion (friction and impact). 

hile the tests of uncontrolled (unenhanced) rocking structures
re nonrepeatable, this study proves that controlled rocking
tructures with positive post-uplift stiffness are repeatable—even
ithout external damping. The displacement time history was
lmost perfectly repeatable with average correlation coefficients
bove 0.85 and errors below 10%. Accelerations and tendon
orce time histories were slightly more sensitive, yet with high
orrelation coefficients (around 0.75 and 0.80) and low errors
8% and 10%). Slab rotation around its vertical axis was the only
onrepeatable response magnitude, indicating that rotational
inematics are more sensitive to boundary conditions. Never-
heless, the use of positive translational stiffness kept rotations
ow and limited their impact on the global response. Most
mportantly, maximum (peak) responses (which govern design)
ere highly repeatable with correlation coefficients above 0.9 and
rrors of 10% for displacements, accelerations, and tendon forces.

hen the tested structure was subjected to planar seismic excita-
ions, the observed parasitic out-of-plane motion was limited—in
ontrast to unenhanced rocking structures. On average, the out-
f-plane motion was less than 25% of the in-plane, with peaks at
0%. Since the out-of-plane motion is limited, performing planar
ests for each horizontal seismic component and combining them
eometrically can provide a reasonable, yet nonconservative,
stimate of the bidirectional test. Under planar motion, slab
otations were very low, indicating that bidirectional excitations
ay amplify torsion. 

he findings contradict the perception that controlled rocking
s inherently nonrepeatable and that external damping is an
bsolute necessity. The high repeatability of the response shows
hat inherent frictional and impact damping can produce repeat-
ble experimental results that can be used for the deterministic
ssessment of numerical models—at least for designs similar to
he one tested. The limited parasitic out-of-plane motion can
implify design and extend the significance of uniaxial shake
able tests. The conclusions of the study correspond to a class
arthquake Engineering & Structural Dynamics, 2026
of structures similar to the one tested (controlled rocking with
positive post-uplift stiffness); more tests need to be performed for
the full characterization of the described phenomena, including
testing at larger scales. Moreover, the development of code-
compliant analysis methods for controlled rocking structures
would greatly facilitate their applicability in real-world settings. 
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