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ABSTRACT
This paper reports the results of an extensive campaign of incremental dynamic analyses (IDA) of rigid
rocking blocks under various loading histories, including real ground/floor motions and shake table testing
protocol loading histories. Several block geometries are investigated considering various size and slenderness
combinations representative of building contents, monumental elements, art objects, components of critical
facilities, and other unanchored elements. The spectral response of the block to different loading histories is
firstly assessed by highlighting the characteristics of the different seismic input sets. Dimensionless
acceleration- and velocity-based parameters are considered as intensity measures, and the block rotation
normalized considering the critical angle (i.e., dimensionless rocking amplitude) is assumed as an engineering
demand parameter. The IDA curves are evaluated, and the dynamic response of the blocks is characterized
in terms of: (a) type of loading history, (b) intensity measure, and (c) block geometry.
New information and technical insights are presented regarding the assessment of seismic response of
structural and nonstructural rocking systems. The dynamic response of the blocks subjected to the
investigated protocols is found to be not always compatible with the capacities related to real ground/floor
motions, often producing non-conservative estimations. The discrepancy identified between the block
responses associated with the protocol inputs and real motions is found to be significantly affected by both
block geometry and intensity measure.

(a)

INTRODUCTION
Structural and nonstructural elements of various types of
engineering systems are often not connected to their supports
by means of mechanical devices, or their fastening systems
have a negligible influence on their dynamic response when
subjected to moderate to high intensity shaking (e.g., [1,2]).
These elements are often critically sensitive to the seismic
demand in terms of accelerations, so they are typically
classified as acceleration-sensitive [3]. Unanchored (or
freestanding) and ineffectively fastened systems include but are
not limited to geological structures [4,5], monumental or
historical structures and museum elements [6–10], parts of
(infra)structural systems [11–13], laboratory and hospital
equipment [1,14–16], nuclear and power plant equipment
[16,17], and generic building contents [18–20]. The seismic risk
related to these types of elements can be critically high, as such
elements are typically associated with high vulnerability and
exposure, as well as they can be located in moderate to high
hazard sites (e.g., [2,21]). This is more critical for nonstructural
elements that are hosted by special buildings and critical
facilities that have to guarantee post-event operation and
community resilience [22,23]. Figure 1 depicts the post-event
seismic damage of critical unanchored elements (2016
Amatrice earthquake, Italy): (a) overturning of beverage stocks,
and (b) rigid dislocation of the pinnacle of the San Benedetto
Basilica. In both cases, a rigid-body motion was observed. This
behavior can cause major damage and human losses. For
example, rocking-dominated damage of masonry buildings and
churches (quite widespread in earthquake-prone countries) can
be potentially life-threatening [10,24], besides causing critical
cultural losses.
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(b)

Figure 1: Post-earthquake damage (after the 24/08/16
Amatrice earthquake, Italy) of critical unanchored elements:
(a) overturning of beverage stocks; and (b) rigid dislocation
of the pinnacle of the San Benedetto Basilica.
The seismic response of unanchored (or freestanding) and
ineffectively anchored elements can be often modeled
considering the rigid motion approach. When the freestanding
elements are relatively slender, and the friction coefficient is
sufficiently high to prevent sliding response (e.g., [25,26]), the
dynamics of rigid blocks can be assumed to be dominated by
the rocking motion [19,27]. The dynamics of rocking blocks has
been studied since early times, and the seminal study of
Housner [28] laid the foundations of the so-called classical
theory, by providing the equations of the rigid block motion.
Several early pioneering studies implemented and extended the
rigid block motion analysis to evaluate the dynamic response of
various elements under different loading histories (e.g., [29–
33]).
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More recently, the efficiency and reliability of the Housner
modeling approach were corroborated by means of shake table
testing and statistical-based evaluation (e.g., [5,14,19,34]).
Several studies addressed the issue by extending the analytical
investigation to more peculiar applications and providing
insights into the assessment of the seismic response of rocking
systems [6,35–38]. Some researchers [5,19,27,34,39] focused
on the record-to-record variability of the rigid block response,
which is among the most critical aspects associated with the
rocking behavior (e.g., [34]).
Despite the copious literature addressing the rocking motion of
structural and nonstructural systems, there are still critical
aspects that have not been fully investigated. For instance, very
few studies investigated the rocking response of freestanding
elements subjected to floor motions, which can be
representative of the typical case of building equipment,
contents, and secondary systems supported by buildings (e.g.,
roof structures that house tanks or electric equipment).
Recently, Fragiadakis and Diamantopoulos [18] investigated
the seismic response of building contents hosted in a four-story
RC building by means of numerical analyses, providing a
framework for performance-based assessment. They
highlighted the complexity of the issue and stressed the gap in
the literature. The response of building contents under floor
motions should be further investigated. As a matter of fact, the
buildings act as a filter and condition both acceleration
amplification and frequency content associated with the seismic
demands on the nonstructural elements housed in buildings
(i.e., through floor motions). The influence of this filtering
action on the seismic behavior of rocking elements has never
been directly addressed in the literature, especially considering
representative sets of ground and floor motions. Moreover, the
response of rigid blocks under shake table protocol inputs
should also be investigated since these loading histories are
typically used to seismically qualify (and certify) accelerationsensitive components, including freestanding systems. The use
of such protocol inputs was addressed in the literature by the
preliminary study of Burningham et al. [40]. Considering only
a block geometry, the most referenced protocols (AC156 [41]
and FEMA 461 [42]) were found to potentially overestimate the
overturning acceleration in terms of fragility curves,
considering floor motions as a reference and peak (floor)
acceleration as an intensity measure (IM). Accordingly, this
might result in potential non-conservative estimations if the
fragility curves are assumed as component capacities (e.g.,
[43,44]). Similar observations were also expressed in recent
studies (e.g., [43,45,46]).
This study reports the results of an extended campaign of
incremental dynamic analyses (IDAs) of rigid blocks subjected
to a variety of loading histories, i.e., real ground motions (ATC63 [47]), real floor motions (CESMD [48]), and inputs
developed according to reference shake table protocols (AC156
[41], FEMA 461 [42], and Wittich and Hutchinson [45]). A
wide range of block geometries is analyzed, and dimensionless
floor and ground acceleration- and velocity-based IMs are
considered [27].
NUMERICAL ANALYSES
IDAs of rigid blocks were carried out by solving the Housner
equations of motion [28] using the Runge-Kutta ordinary
differential equation (ODE) solver in MATLAB [49]. The
maximum acceleration of the seismic input at the base of the
block (amax) was considered as an incremental IM, whereas the
absolute value of the peak block rotation to critical angle ratio
(|𝜃𝑚𝑎𝑥 ⁄𝛼|) was assumed as an engineering demand parameter
(EDP). Several block geometries were analyzed under various
loading histories.
.

Rigid Block Modeling
The geometrical parameters of rigid blocks are shown in Figure
2, where R is the semi-diagonal dimension (Equation (1)), often
named block size, θ is the block rotation, h/b is the slenderness,
α is the critical angle (Equation (2)), and p is the frequency
parameter (Equation (3), where g is the acceleration due to
gravity). The pure rocking response was modeled in this study,
assuming a friction coefficient sufficiently high to prevent
sliding. This assumption is often made in the literature for
blocks that are relatively slender, like the ones investigated in
this study [6,19,25,27,50]. Therefore, the block motion can be
fully described by its oscillation about the base corners (O and
O’ in Figure 2). Equation (4) reports the equation of motion
related to a rigid block excited by an acceleration loading
history 𝑢̈ 𝑔 (𝑡). Equation (5) describes the coefficient of
restitution e, which is defined as the ratio between the post- and
pre-impact angular velocity. According to Housner [28], e can
be defined assuming that the post- to pre-impact angular
velocity reduction follows the angular momentum balance [51].
A unitary coefficient of restitution e was assumed to produce
conservative and generalizable estimations [14,19].

Figure 2: Geometry of the rigid block.
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Block Geometries
Two sets of block geometries were analyzed: set 1 is related to
small-to-medium size blocks [1] (e.g., building contents) and
set 2 is related to medium-to-large block sizes [29] (e.g.,
monumental elements and secondary systems). The block
geometries are depicted in Figure 3 and reported in Table 1.
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Table 1: Investigated block geometries.
Set 1
Block ID

Set 2

#1A

#1B

#1C

#1D

#1E

#2A

#2B

#2C

#2D

#2E

R

[m]

0.36

0.72

0.72

0.72

1.43

1.52

3.05

3.05

3.05

4.57

h/b

[-]

3.92

1.96

3.92

7.83

3.92

5

2.5

5

7.5

5

α

[-]

0.250

0.472

0.250

0.127

0.250

0.197

0.381

0.197

0.133

0.197

1.0 g was used since this ease the graphical interpretations and
comparisons. FM set includes seven floor records related to
ground motions having PGA larger than 0.20 g, and they are
considered as a further sub-set of floor records, defined strong
FMs; they correspond to FM #6,9,15,17,19,21,22. This sub-set
was considered for the sake of comparison with GM results
since all GMs have PGA larger than 0.20 g. The main details of
FMs are reported in Table 2 [48], where PFA and PFV define
peak floor acceleration and peak floor velocity, respectively.
The mean PFV to PFA (PFA to PGA) ratios related to all FM,
FM NF, and FM FF were equal to 0.088, 0.058, and 0.118 s
(2.505, 1.891, and 3.235).

Set 1 blocks

Set 2 blocks

Figure 3: Geometries of the investigated blocks.
Loading Histories
Three types of records were considered as analysis loading
histories: real ground motions (GM set or GMs), real floor
motions (FM set or FMs), and shake table protocol inputs (STPI
set or STPIs). GM set was derived from the ATC-63 database
[47] and included records having magnitude larger than 6.5,
peak ground acceleration (PGA) larger than 0.20 g, and peak
ground velocity (PGV) larger than 15 cm/s. In particular, 44 farfield records (GM FF sub-set) and 28 near-field records (GM
NF sub-set) were considered. The related time histories were
also used in other studies (e.g., [19,52]).
FM set includes accelerograms recorded within instrumented
US RC buildings, which were derived from the Center for
Engineering Strong Motion Data (CESMD) database [48]. The
selected records are related to ground motions having PGA
larger than 0.05 g. In particular, the set includes floor records
related to 12 near-field records (FM NF sub-set, i.e., FM #1-12)
and 12 far-field records (FM FF sub-set, i.e., FM #13-24)
registered in different buildings. For each earthquake, the most
amplified building floor response provided by the database was
selected (larger amax). For the sake of representativeness of the
considered FM set and sub-sets, each sub-set includes the same
number of motions recorded within low-rise, medium-rise, and
high-rise buildings (corresponding to FM #1-4,13-16, FM #58,17-20, and FM #9-12,21-24). Figure 4 depicts the time history
accelerations (a(t)) related to FM inputs, scaled in order to have
amax equal to 1.0 g. The signals were scaled considering amax
since this IM is typically used in similar contexts (e.g. [19,43])
and was also used for the implementation of the incremental
analyses. The same value of amax was chosen to favor correct
comparisons among the different inputs. The specific value of

Three sets of STPIs were derived from different protocols:
(ICC-ES) AC156 [41], FEMA 461 [42], and Wittich and
Hutchinson [45] (Wittich protocol). Both AC156 and FEMA
461 protocols are intended for generic acceleration-sensitive
nonstructural components; AC156 is the only standard
explicitly intended for seismic certification purposes, whereas
FEMA 461 is among the most authoritative references for
seismic assessment and fragility evaluation (seismic
qualification). Wittich protocol was developed for freestanding
(stiff) components, which typically exhibit a rockingdominated seismic response.
The procedure developed by Magliulo et al. [53] and used in
several other studies [1,14,54] was implemented to generate a
set of seven inputs compliant with AC156 protocol (AC156 #17). These signals were developed assuming the component
location height equal to the building height, corresponding to
the most demanding condition. It is worth noting that a recent
study [55] suggested that this condition might be associated
with non-conservative estimations of the seismic demand on the
component due to the limitations provided by the protocol
standard for the definition of the required response spectra.
Figure 4 shows the time history accelerations related to STPI
AC156 set (amax equal to 1.0 g). Three inputs were derived
according to FEMA 461 protocol. In particular, FEMA 461 #1
and 2 inputs were directly provided by the protocol standard,
whereas input #3 was generated by the authors according to the
procedure reported in the FEMA 461 Commentary and referred
to the work of Wilcoski et al. [56]. Figure 4 shows the time
history accelerations related to STPI FEMA 461 set (amax equal
to 1.0 g). It is worth specifying that the reference IM
recommended by AC156 protocol is the spectral response
acceleration at short periods (SDS), while it corresponds to the
spectral ordinate computed at the fundamental period of the
component (Sa(TC)) for FEMA 461. amax is considered as an IM
in this paper for the sake of generality, as it is often done for
incremental analysis of rigid blocks (e.g., [19,27]). In fact, the
concept of fundamental period is not consistent for the case of
unanchored elements (e.g., for the use of Sa(TC)).
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Figure 4: FM and STPI (AC156 and FEMA 461) sets acceleration time histories (a(t)) considering maximum acceleration amax equal to 1.0 g.
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FF

NF

HR

MR

LR

HR

MR

LR

LomaPrieta

LomaPrieta

SierraMadre91

Northridge

Whittier87

LomaPrieta

PalmSprings86

Ferndale

MorganHill84

SantaBarbara

LomaPrieta

LomaPrieta

Piedmont

berkeley

AlumRock

Whittier87

Encino

Whittier87

Northridge

ChinoHills

MammothLakes

Islavista

Piedmont

Chinohills

Earthquake

18/10/1989 00:04

18/10/1989 00:04

28/06/1991 14:43

17/01/1994 12:30

01/10/1987 14:42

18/10/1989 00:04

08/07/1986 09:20

10/01/2010 00:27

24/04/1984 21:15

13/08/1978 22:54

18/10/1989 00:04

18/10/1989 00:04

20/07/2007 11:42

04/01/2018 10:39

31/10/2007 03:04

01/10/1987 14:42

17/03/2014 13:25

01/10/1987 14:42

17/01/1994 12:30

29/07/2008 18:42

14/12/2016 07:44

29/05/2013 14:38

20/07/2007 11:42

29/07/2008 18:42

Time

97.9

33.4

18.3

21.2

31.7

18.1

32

54.7

29.9

81.5

102.1

64.8

6.6

5.3

14.4

8.4

9.8

14.3

7

11.5

3.4

7.3

4.5

0.050

0.099

0.246

0.301

0.094

0.359

0.110

0.285

0.100

0.270

0.125

0.108

0.056

0.192

0.114

0.298

0.145

0.170

0.453

0.144

0.071

0.083

0.092

0.130

[g]

[km]
11.3

PGA

Dist

0.078

0.213

0.206

0.190

0.061

0.549

0.087

0.301

0.058

NA

0.214

0.128

0.022

0.060

0.080

0.188

0.050

0.090

0.509

0.134

0.011

0.026

0.041

0.116

[m/s]

PGV

NF: near-field; FF: far-field; LR: low rise; MR: medium rise; HR: high rise; NA: data not available.

Walnut Creek - 10-story Commercial Bldg

24

Pasadena - 9-story Commercial Bldg

22

San Jose - 10-story Commercial Bldg

Burbank - 10-story Residential Bldg

21

23

Long Beach - 5-story CSULB Engnrng Bldg

20

Palm Desert - 4-story Office Bldg

18

Watsonville - 4-story Commercial Bldg

Eureka - 4-story Hospital

17

19

Saratoga - 1-story Gymnasium

16

Pleasant Hill - 3-story Commercial Bldg

14

Santa Barbara - 3-story UCSB Office Bldg

Belmont - 2-story Office Bldg

13

15

Oakland - 13-story Residential Bldg

12

San Jose - 10-story Residential Bldg

10

Oakland - 13-story Residential Bldg

Los Angeles - 8-story CSULA Admin. Bldg.

9

11

Van Nuys - 7-story Hotel

8

Van Nuys - 7-story Hotel

6

Los Angeles - 5-story Warehouse

Pomona - 6-story Commercial Bldg

5

7

Mammoth Lakes - 1-story High School Gym

4

Piedmont - 3-story School Office Bldg

2

Santa Barbara - 3-story UCSB Office Bldg

Pomona - 2-story Commercial Bldg

1

3

Station (building)

FM#

Table 2: Main characteristics of the selected FMs [48].

0.242

0.368

0.425

0.759

0.357

1.200

0.199

1.177

0.409

0.992

0.236

0.200

0.093

0.367

0.332

0.462

0.219

0.234

0.578

0.384

0.130

0.096

0.232

0.303

[g]

PFA

0.274

0.490

0.419

0.633

0.168

0.800

0.121

0.616

0.182

0.542

0.271

0.150

0.039

0.095

0.172

0.629

0.104

0.321

0.796

0.463

0.033

0.042

0.096

0.201

[m/s]

PFV

0.163

0.219

0.085

0.064

0.067

0.156

0.080

0.108

0.059

NA

0.174

0.120

0.040

0.032

0.072

0.064

0.035

0.054

0.115

0.095

0.016

0.032

0.046

0.091

[s]

𝑷𝑮𝑽
𝑷𝑮𝑨

4.916

3.723

1.726

2.518

3.792

3.341

1.803

4.130

4.079

3.672

1.882

1.845

1.645

1.909

2.922

1.549

1.511

1.378

1.276

2.669

1.842

1.154

2.521

2.321

[-]

𝑷𝑭𝑨
𝑷𝑮𝑨
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Wittich protocol input is a sinusoidal waveform, and its features
depend on the geometry of the component (i.e., componentdepending testing input). It is worth recalling that both AC156
and FEMA 461 protocol inputs are not conditioned by the
geometry of the component. In particular, the peak frequency
of the input should be centered on the frequencies of sensitivity
related to the specific component, which can be evaluated
considering the free motion of rocking blocks (i.e., rocking
frequency fr) [28,45,46]. Accordingly, the rocking frequency fr
(only) depends on the semi-diagonal dimension of the block (R)
and on the initial release angle to critical angle ratio (θ0/α). A
representative input compliant with Wittich protocol is depicted
in Figure 5, where acceleration (a) and time (t) are normalized
considering amax and duration (dur), respectively. Seven inputs
were generated for each block geometry by varying θ0/α from
0.050 to 0.200, with increments of 0.025. This range was
compliant with the typical values assumed in other studies (e.g.,
[45,57]). A sampling rate equal to 200 Hz was assumed, as a
value in between FEMA 461 (100 Hz) and AC156 (400 Hz)
rates. The inputs had peak frequencies (durations) ranging
within 0.56 – 3.51 Hz (21.8 – 136.3 s).

buildings related to FMs, i.e., the median PFA to PGA ratio
(e.g., Table 2). Assessing FM and STPI results by using ground
IMs such as PGA/(g·tanα) allows accounting for both
acceleration amplification and frequency content filtering
actions of the building, whereas using floor IMs such as
amax/(g·tanα) only takes into account the frequency content
filtering action. For example, comparing the results related to
GMs and FMs using PGA/(g·tanα) for the former and
PFA/(g·tanα) for the latter evidences the only influence of the
building response in terms of frequency content filtering,
whereas using PGA/(g·tanα) for both GMs and FMs also
accounts for the acceleration amplification action of the
building.
|θmax/α| is defined in the following as dimensionless rocking
amplitude. The condition |θmax/α| > 0 determines the rocking
motion of the block, and as much as |θmax/α| increases, the
damage is expected to become more significant. Low values of
|θmax/α|, e.g., 0.01 to 0.10, are related to rocking onset to low
amplitude rocking, which potentially identifies absent to
limited damage (e.g., small residual displacements) [19,27];
|θmax/α| values within 0.20 – 0.40 are related to moderate
rocking and possible limited to moderate damage. Larger values
are likely to cause more severe damage (e.g., large residual
displacements or irreversible component deformation), and
|θmax/α| ≥ 1 typically corresponds to the overturning of the block
(i.e., collapse) [14,58], as it was also assumed in the present
study.
SPECTRAL ACCELERATION ANALYSIS

Figure 5: Wittich protocol input acceleration time history
with acceleration (a) and time (t) normalized considering
maximum acceleration (amax) and the duration (dur),
respectively.
Intensity Measures and Damage Conditions
Dimensionless acceleration- and velocity-based IMs were
considered for the assessment of the numerical analysis results,
i.e., amax/(g·tanα) and p·vmax/(g·tanα) [19,27]; amax/(g·tanα) was
found to be particularly efficient for rocking onset and
overturning assessment of small-to-medium size blocks (e.g., R
< 2.0 m), whereas p·vmax/(g·tanα) was found to be more efficient
for overturning assessment of medium-to-large size blocks
(e.g., R > 2.0 m) [19]. These IMs are intensity-based parameters
and do not directly account for duration, frequency, and energy,
which can play a key role in rocking performance. The reader
is referred to [26,43,50] for insights into the potential influence
of these IMs. The IM values associated with given |θmax/α|
thresholds can be considered to be IM capacities. As a matter
of fact, for a given |θmax/α| level, the associated IDA IM value
represents the IM threshold that defines the exceedance of the
|θmax/α| level by the component in terms of IM; this is associated
with an IM capacity of the component.
In this study, the rigid block analyses were performed
considering the blocks as directly subjected to the selected
loading history sets. In the case of FMs and STPIs, the blocks
were meant to be directly excited by real and artificial floor
motions, respectively. Therefore, the IM capacities assessed
considering the direct analysis results represented the floor
response of the blocks. Accordingly, the numerical results,
expressed using amax as an IM, represent PFA estimations.
These results were processed in order to express the block
response in terms of PGA, i.e., accounting for the influence of
the building. In particular, relevant PFA to PGA ratios were
applied to the PFA results in order to obtain the related PGA
values. For FMs, each analysis result (i.e., each IDA datapoint)
was processed considering the PFA to PGA ratio related to the
specific analysis loading history, as provided by the related
database. For STPIs, a constant ratio was assumed for all inputs.
This ratio was derived from the set of instrumented RC

The spectral analysis of real (ground and floor) motions and the
definition of compliant design and assessment response spectra
is of paramount importance for design and assessment of
acceleration-sensitive nonstructural elements [59]. Figure 6,
Figure 7, and Figure 8 depict the spectral acceleration Sa versus
the period T. In particular, Figure 6 and Figure 7 show the
spectra related to real records (GM/FM and NF/FF inputs) and
STPI FEMA 461 and AC156 inputs, respectively; Figure 8
depicts the spectra associated with STPI Wittich inputs (for #1C
and #2C blocks). The spectra correspond to amax equal to 1.0 g.
NF

FF

GM

FM

Figure 6: Spectral acceleration Sa versus period T
corresponding to real records (GM/FM and NF/FF inputs)
considering amax equal to 1.0 g.

70
FEMA 461

AC156

Figure 9 shows the spectral acceleration Sa versus the
frequency f instead of the period T, as it is typically done for
assessment of nonstructural components. In particular, Figure
9.a (b) depicts the spectra related to inputs having amax (PGA)
equal to 1.0 g. The inputs related to PGA equal to 1.0 g were
obtained by scaling the ones associated with amax equal to 1.0 g
according to the procedure reported in the previous section.
Figure 9.a highlights the difference among the spectral response
of the different input sets only in terms of the frequency
contents of the inputs as they are. Conversely, Figure 9.b allows
comparing the spectral response also accounting for the
considered (building) acceleration amplification.

Figure 7: Spectral acceleration Sa versus period T
corresponding to STPI AC156 and FEMA 461 inputs
considering amax equal to 1.0 g.
#1C block

#2C block

(a)

(b)

Figure 8: Spectral acceleration Sa versus period T
corresponding to STPI Wittich inputs
considering amax equal to 1.0 g.
Near-field (and far-field) GMs have more significant frequency
contents (i.e., higher spectral ordinate) for lower (and higher)
periods, which correspond to periods T lower (and higher) than
about 0.6 s considering median spectra. A more irregular trend
was found regarding FMs: near-field spectra present amplitude
peaks higher than far-field ones but the latter have higher
frequency amplitudes for very low periods. Moreover, nearfield FMs have medium to high period ordinates lower than farfield ones. While the peak amplitude of GMs and FMs are quite
similar, the medium to high period ordinates related to GMs are
significantly larger than FM ones. FEMA 461 spectra present
significantly high peaks and a relatively large scatter despite
only three inputs are considered. Conversely, AC156 inputs
present relatively reduced accelerations corresponding to the
most amplified spectral ordinates (i.e., 1.3-8.3 Hz or 0.12-0.77
s), with very reduced scatter (seven inputs are considered).
Wittich input spectra, shown in Figure 8, have a narrow bell
shape with very high acceleration peaks. The variation of θ0/α
affects both the peak period (or frequency) and the width of the
bell shape. In particular, the resonant period increases as θ0/α
grows. The magnitude of the increase, in terms of resonant
period associated with increasing θ0/α, becomes more relevant
as the block size increases, as it can be observed by comparing
#1C and #2C spectra in Figure 8.

Figure 9: Spectral acceleration Sa versus frequency f
for all loading history sets considering
(a) amax (or PFA) equal to 1.0 g and (b) PGA equal to 1.0 g.
Considering the only frequency contents (Figure 9.a), GM FF
set presents frequency amplitudes significantly higher than FM
FF set for low (e.g., f < 2.0 Hz) and medium to high frequencies
(e.g., f > 3.5 - 4 Hz), whereas GM NF set presents frequency
amplitudes lower than FM NF set for medium frequencies (e.g.,
4.0 < f < 8.5 Hz). FM FF set exhibits a larger peak amplitude
than GM FF set, while the peak response of FM NF set is more
comparable to GM NF set one. AC156 inputs have spectral
ordinates lower (higher) than FM ones over the most amplified
frequencies of FMs (around 1.0 Hz and for medium to large
frequencies). Conversely, if the PFA to PGA amplification is
also considered (Figure 9.b), FM FF set presents spectral
ordinates significantly larger than FM NF set one over the
whole frequency range, with peak ordinates that are more
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comparable to FEMA 461 ones. AC156 spectral response is
never lower than FM NF one, with larger ordinates between 0.8
and 4 Hz and for frequencies higher than 10 Hz. More
comments on the spectra are omitted for the sake of brevity
since the focus of the work was not on the spectral analysis, and
this was functional to the interpretation of the results.
RESULTS AND DISCUSSION
Premise
The numerical results presented in this section are related to
more than one thousand IDA curves, which correspond to
almost sixty thousand rigid block analyses. The results are
presented and discussed in sub-sections considering the most
relevant aspects and features: ground and floor motions
(discussed both for (set 1) small to medium and (set 2) medium
to large size blocks), shake table protocol inputs, and
comparisons and key findings. The severity associated with
different input sets is meant in terms of estimations of
dimensionless IM values (capacities) as a function of
dimensionless rocking amplitudes. Regarding a record, the
more the dimensionless IM (capacity) estimations associated
with given dimensionless rocking amplitudes are small, the
more the record is severe. As a matter of fact, a given
dimensionless rocking amplitude is reached corresponding to a
lower (higher) dimensionless IM (capacity) value under a more
(less) severe record. In this study, the overall severity of the
different ground and floor input (sub-)sets was quantified
through median values of the IDA curves. The 15th and 85th
percentile curves were also computed, and the 15th to 85th
percentile IM(EDP) range was assessed as a measure of
response dispersion.
Ground and Floor Motions
Small to Medium Size Blocks
Figure 10 shows the IDA curves related to real records (GM and
FM inputs), corresponding to (set 1) blocks #1A, #1B, #1C,
#1D, and #1E; amax/(g·tanα) is used as an IM. GM NF and FF
records are associated with quite similar IDA curves in terms of
medians (Figure 10 GM), as it was qualitatively found by
Petrone et al. [19]. However, the discrepancy between them
becomes more sensitive for R > 1.0 m blocks and medium to
large rocking amplitudes (e.g., |θmax/α| > 0.5), i.e., GM NF
records are more severe than GM FF ones (e.g., Figure 10 GM#1E). FM FF records are significantly more severe than NF
ones, especially for R > 0.5 m and |θmax/α| > 0.2 (Figure 10 FM#1B to #1E). Incipient to low amplitude rocking (0.05 < |θmax/α|
< 0.2) occurs at very similar amax for both GMs and FMs (Figure
10 GM & FM (medians)), as it was expectable since the rocking
initiation phenomenon is significantly more regular than the
moderate to severe amplitude rocking [19]. FMs are less severe
than GMs for all geometries, especially if NF records are
considered (Figure 10 GM & FM (medians)); the discrepancy
increases as the block size increases (largest discrepancy
corresponding to block #1E). The 15th to 85th percentile range
related to GM FF records is quite similar to the NF one (Figure
10 GM). The 15th percentile thresholds related to FF and NF
records (Figure 10 FM) approximately coincide, whereas the
85th percentile threshold related to NF records (a) is larger than
FF one for blocks #1A, #1B, and #1C, (b) approximately
coincides with FF one for block #1D, and (c) is lower than FF
one for block #1E. Regarding FM records, the 15th percentile
thresholds related to FF and NF records are quite similar,
whereas a significant difference is found considering the 85th
percentile threshold (Figure 10 FM). In particular, the FF record

threshold is significantly lower than NF one, especially for R <
1.50 m blocks. The 15th to 85th percentile range related to GM
is significantly smaller than FM one (Figure 10 GM and Figure
10 FM), and most of the discrepancy is due to the 85th
percentile thresholds (the 15th percentile thresholds related to
FM FF and NF are quite similar).
Figure 11 shows the median IDA curves for set 1 blocks
considering real records (GM and FM inputs) and using
PGA/(g·tanα) and PFA/(g·tanα) as IMs. The influence of the
block size on the IDA curves is less significant for GM records
(and PGA/(g·tanα)), whereas this is quite significant for FM
ones using PGA/(g·tanα), especially for smaller blocks. As a
matter of fact, the IDA curves related to blocks #1A (R = 0.36
m) and #1B/C/D (R = 0.72 m) are overall more similar among
them than ones associated with the blocks #1B/C/D (R = 0.72
m) and #1E (R = 1.43 m) (Figure 11). FM FF inputs are
significantly more severe than GM ones, whereas FM NF inputs
are more severe than GM NF records only for small to medium
rocking amplitudes (e.g., |θmax/α| < 0.4). If large to overturning
rocking is considered, only FM NF inputs related to the smallest
block size are more severe than GM NF ones. The influence of
the geometry on FM IDA curves considering PFA/(g·tanα) was
already discussed with regard to Figure 10; however, this has a
trend similar to Figure 11 FM (using PGA/(g·tanα)).
A clear trend can be identified considering the damage severity
associated with the block size, especially considering FMsThe
component damage decreases as the block size increases (i.e.,
throughout blocks #1A, 1C, and 1E) for a given level of
dimensionless acceleration, as it was established in the
literature (e.g., [6]). The influence of the block slenderness is
less relevant, as it can be seen by comparing the results related
to blocks #1B, 1C, and 1D (e.g., Figure 11 FM using
PFA/(g·tanα)). It is recalled that dimensionless IMs were
considered and tanα was used to obtain them. Therefore, the
effect of the slenderness variability was already expected to be
not particularly significant (e.g., [27,60]). Only a (minor)
anomaly is found, and this is related to the case of block #1C
and FM NF, which exhibited higher intensity thresholds over
0.35 < |θmax/α| < 0.65 if compared to the blocks having the same
size and different slenderness (i.e., #1B and 1D), as it can be
seen in Figure 11 FM using PGA/(g·tanα) and Figure 11 FM
using PFA/(g·tanα). It is worth mentioning that the role played
by both size and slenderness of the blocks is typically not
straightforward and that the combined effect of them can be
quite complex (e.g., [6]), especially if earthquake records are
considered instead of sinusoidal or theoretical-based loading
histories [34,38]. Therefore, the mentioned trends cannot be
easily generalized, especially regarding the slenderness.
Medium to Large Size Blocks
Figure 12 shows the IDA curves related to real records (GM and
FM inputs), corresponding to (set 2) blocks #2A, #2B, #2C,
#2D, and #2E; p·vmax/(g·tanα) is used as an IM. GM FF records
have a severity similar to GM NF ones in terms of median
(Figure 12 GM). The 15th percentile thresholds related to (GM)
FF and NF records are approximately coinciding for all blocks
but #2A (Figure 12 GM-#2A), whereas the 85th percentile
threshold related to FF records is overall lower than NF one,
except for block #2E (Figure 12 GM-#2E). FM FF records are
overall more severe than FM NF ones (Figure 12 FM),
especially for R > 1.0 m blocks (Figure 12 FM-#2B to Figure
12 FM-#2E). Overall, FM FF median IDA is slightly less severe
than GM FF one (Figure 12 GM & FM (medians)), and the
discrepancy is more significant, but still minor, only for severe
to overturning rocking amplitudes.
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Figure 10: IDA curves corresponding to real records (GM and FM inputs) using amax/(g·tanα) as an IM;
amax corresponds to PGA (PFA) for GMs (FMs).
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GM
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Figure 11: Median IDA curves for set 1 blocks corresponding to real records (GM an FM inputs)
using PGA/(g·tanα) and PFA/(g·tanα) as IMs.
Conversely, FM NF inputs are significantly less severe than
GMs for medium to large rocking amplitudes (and larger
blocks), similarly to the case related to set 1 blocks and
amax/(g·tanα). The 15th to 85th percentile range is relatively
comparable for GM FF and NF records (Figure 12 GM). In
particular, the 15th percentile threshold is quite similar for FF
and NF records, whereas the 85th percentile one related to FF
is slightly lower than NF one.
A different trend is noted regarding FM records. In particular,
the 15th to 85th percentile range related to FM FF records is
significantly smaller than the FM NF one (Figure 12 FM-#2A):
a large difference is observed between the 85th percentile
thresholds, whereas the 15th percentile thresholds are more
similar. GM records present an 85th percentile threshold that is
significantly lower than FM ones (Figure 12 GM and Figure 12
FM), whereas the 15th percentile thresholds related to GM and
FM are more comparable, similarly to the case of set 1 blocks
and amax/(g·tanα). The 15th to 85th percentile range related to
GM is significantly smaller than FM one (Figure 10 GM and
Figure 10 FM), and most of the discrepancy is due to the 85th
percentile thresholds (the 15th percentile thresholds related to
GM and FM are quite similar). The significantly large 85th
percentile threshold associated with FM NF records is due to
several FM NF records that determine very reduced rocking
amplitudes under a significantly high p·PFV/(g·tanα) values.
For these records, the IDA curves exhibit a linear behavior over
minor to moderate rocking amplitudes, with significant
irregularity and scatter.
Figure 13 shows the median IDA curves for set 2 blocks
considering real records (GM and FM inputs) and using
p·PGV/(g·tanα) and p·PFV/(g·tanα) are used as IMs. The scatter
of the (median) IDA curves is not as significant as it is for set 1
blocks and PGA/(g·tanα) and PFA/(g·tanα), especially if the
former IM is considered. FM FF records are particularly more

severe than GM FF ones if PGA/(g·tanα) is considered as an
IM, whereas FM NF inputs are less severe than GM NF ones
for all blocks but the smallest (#2A), except in the case of small
rocking amplitudes (|θmax/α| < 0.3-0.4), where an opposite trend
is observed, even if with less significant magnitude.
The trend between the damage severity and the block geometry
(size and slenderness) is similar to the case related to
PGA/(g·tanα) and PFA/(g·tanα), shown in Figure 11. Only two
(minor) anomalies are observed with regard to FMs. (1)
Considering p·PFV/(g·tanα), block #2B is associated with
higher intensity thresholds over |θmax/α| > 0.75 if compared to
blocks #2C and 2D. (2) Blocks #2B, 2C, and 2D exhibit a
different damage trend regarding the slenderness if FF
p·PGV/(g·tanα) and p·PFV/(g·tanα) results are compared.
However, the discrepancies are minor if the differences
identified with blocks #2A and #2E are considered as a
reference. These anomalies regarding the influence of size and
slenderness on component damage stress the heavy nonlinearity
of the rocking motion and the significance of the record-torecord variability.
Shake Table Protocol Inputs
Figure 14 shows the IDA curves for set 1 blocks using
PFA/(g·tanα) and set 2 blocks using p·PFV/(g·tanα),
corresponding to STPIs (AC156, FEMA 461, and Wittich).
Considering set 1 blocks together with PFA/(g·tanα), AC156
inputs are particularly mild if compared with both FEMA 461
and Wittich ones, especially for larger blocks. The influence of
the block size on the IDA curves is clearer and more significant
for AC156 than for the other cases, especially considering
larger rocking amplitudes (|θmax/α| > 0.3-0.4). Overall, the
slenderness does not have a significant effect on the IDA curves
for all protocol sets.
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Figure 12: IDA curves corresponding to real records (GM and FM inputs) using amax/(g·tanα) as an IM;
amax corresponds to PGA (PFA) for GMs (FMs).
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Figure 13: Median IDA curves corresponding to real records (GM and FM inputs)
using p·PGV/(g·tanα) and p·PFV/(g·tanα) as an IM.
For FEMA 461, all curves but block #1E one are quite similar
among them, and minor discrepancies are found only for large
amplitudes (|θmax/α| > 0.6). Wittich results do not show a
significant scatter due to different block size or slenderness, and
all block curves are essentially coincident over the whole
amplitude range. It is worth noting that Wittich protocol inputs
are particularly severe for small to medium rocking amplitudes
(|θmax/α| < 0.5), whereas they produce IDA curves quite similar
to FEMA 461 for larger amplitudes, except for block #1E. In
particular, for FEMA 461, this block is associated with
significantly larger accelerations over |θmax/α| > 0.4 rocking
amplitudes. AC156 inputs are significantly less severe than the
other ones over the whole rocking amplitude range.
The trends of the block size and slenderness versus IDA
severity related to set 2 blocks and p·PFV/(g·tanα) are similar
to the ones related to set 1 blocks and PFA/(g·tanα), even
though two anomalies can be identified. (1) Block #2B and
AC156 results: the exhibited motion is quite similar to or larger
than the one related to the block #2E for medium to large
amplitudes (|θmax/α| > 0.4). (2) Block #2E and Wittich results:
the accelerations are lower than all other (large) blocks for
medium to large rocking amplitudes (|θmax/α| > 0.5). Except for
medium rocking amplitudes (0.3 < |θmax/α| < 0.7), AC156 and
FEMA 461 produce similar IDA curves even though AC156
results are more dispersed and irregular. Wittich results do not
present a significant scatter due to the different geometries, and
the inputs are particularly less severe than the other set ones for
small amplitudes (|θmax/α| < 0.3), while their response is quite
similar to the ones related to AC156 medium to large blocks.
The rocking amplitude corresponding to 0.8 – 0.9 ≤ |θmax/α| < 1
(severe rocking) did present very few data points (i.e.,
incremental step results) if compared to other motion ranges,
especially considering the protocol inputs. Such motion range
is particularly unstable with regard to the overturning and
reaching this condition (i.e., |θmax/α| > 0.8 – 0.9) might also

represent a sufficient condition for block overturning when the
blocks are subjected to the protocol inputs. In other words, this
might suggest that once a relatively critical normalized rotation
|θmax/α| is reached, the blocks hardly keep experiencing rocking
response without overturning, and the IM threshold associated
with reaching this critical normalized rotation is critically close
to the one corresponding to the overturning.
Comparisons and Key Findings
A comparison among the median IDA curves related to the
different input sets is depicted in Figure 15, where
representative blocks (i.e., #1C and #2C) are considered as a
reference; it is recalled that blocks #1C and #2C are
representative of building contents (a hospital cabinet) and
monumental elements (a Greek temple column). Considering
block #1C, Wittich, FEMA 461, and GM sets produce very
similar IDA curves over the whole rocking amplitude range,
and Wittich (FEMA 461) inputs are the most severe for low to
moderate (severe rocking amplitude to overturning) rocking
amplitudes, i.e., |θmax/α| ≤ 0.60 (|θmax/α| ≥ 0.60). For low to
moderate rocking amplitudes, AC156 inputs are significantly
less severe than FM FF, whereas the former and the latter
produce quite similar IDA curves for severe rocking amplitudes
(|θmax/α| ≥ 0.70). AC156 inputs are less severe than FM NF only
for low rocking amplitudes (|θmax/α| ≤ 0.30), while FM NF
inputs are relatively mild over moderate rocking amplitude to
overturning. The trend of severity of the different sets is more
complex and irregular for block #2C and using p·PFV/(g·tanα).
It is recalled that PFA/(g·tanα) was found to be more efficient
than p·PFV/(g·tanα) for rocking onset (|θmax/α| = ~0) even for
medium to large size blocks by Petrone et al. [19], while the
latter IM was found to be more efficient regarding overturning
(|θmax/α| = 1).
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Figure 14: Median IDA curves corresponding to STPIs (AC156, FEMA 461, and Wittich).

#1C - PFA/(g·tanα)

#2C - p·PFV/(g·tanα)

Figure 15: Comparison among all median IDA curves related to blocks #1C and #2C,
using PFA/(g·tanα) and p·PFV/(g·tanα), respectively.
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No information is available in the literature on the efficiency of
such IMs regarding rocking responses other than rocking onset
and overturning damage states, i.e., for ~0 < |θmax/α| < 1.
However, the assessment efficiency of the IMs regarding the
rocking response of blocks is not the objective of this study.
Therefore, the focus of the present comparison is on the
moderate rocking to overturning amplitude damage, given the
prospective efficiency of the considered IM.
Differently from the case of block #1C together with
PFA/(g·tanα), Wittich inputs are particularly mild considering
block #2C together with p·PFV/(g·tanα), and only for moderate
rocking amplitude to overturning (|θmax/α| ≥ 0.60), another set
is less severe (i.e., FM NF). The other sets produce similar
results; FEMA 461 inputs are the most severe for |θmax/α| ≥ 0.30,
with IDA curves quite similar to GM NF ones for moderate
rocking amplitude to overturning (|θmax/α| ≥ 0.50). AC156
inputs produce IDA curves that are very similar to FM FF ones.
Differently from the case of of block #1C and PFA/(g·tanα),
GM NF and GM FF IDA curves are sensibly different, stressing
the differences in terms of velocity to acceleration ratios related
to the different sets.
CONCLUSIONS
The paper investigated the rocking response of unanchored
acceleration-sensitive structural and nonstructural components
subjected to various loading histories, including real ground and
floor motions and shake table protocol inputs. The key findings
of the study are summarized in the following.
1. FEMA 461 protocol spectra have ordinates significantly
larger than AC156 ones when the loading histories are
expressed considering the same peak acceleration and
present larger scatter despite the lower number of
considered inputs (i.e., three FEMA 461 inputs and seven
AC156 ones).
2. The resonant period related to Wittich protocol inputs
increases as the initial release angle to critical angle ratio
(θ0/α) grows, with magnitude that is increasing as the block
size grows.
3. Considering dimensionless peak floor accelerations (PFA)
and small to medium size blocks (R < 1.50 m; R is semidiagonal block dimension), FEMA 461 and Wittich
protocols produce (intensity measure (IM)) capacities
compatible with ground motions over the whole rocking
amplitude range, whereas AC156 inputs are more
compatible with far-field floor motions, often determining
larger (IM) capacities. Near-field floor motions produce
significantly large capacities, especially for medium to
large rocking amplitudes.
4. Considering dimensionless peak floor velocities (PFV) and
medium to large blocks (R > 1.50 m), FEMA 461 and
AC156 protocols are more compatible with far-field ground
and floor motions, whereas Wittich input determine the
largest capacities (over the whole rocking amplitude range)
except for medium to large rocking spectra, where nearfield floor motions produce the largest estimations. Nearfield ground motions are associated with (a) relatively large
capacities for small rocking amplitudes and (b) capacities
between FEMA 461-far-field ground motions and AC156far-field floor motions.
5. Floor motions present a response dispersion larger than
ground motions considering both dimensionless
acceleration and velocity peak intensity measures, and this
is primarily due to the upper percentile thresholds (e.g.,
85th percentile). Near-field floor motions present a
significantly large dispersion if compared with far-field
floor motions and both far- and near-field ground motions.

The developed IDA curves can be considered as a reference for
expeditious rocking/overturning assessment. For example, the
median and 15th/85th percentile IM capacity associated with
specific dimensionless amplitude thresholds (e.g., unitary value
for the overturning assessment) can be estimated for geometries
compatible with the investigated ones and considering the
record set of interest.
Further studies should be performed focusing on the
quantitative influence of the building response, also providing
fragility and vulnerability estimations.
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