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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. 

 

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. 

(a) (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) acceleration-

sensitive 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 (ATC-

63 [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 𝑢̈𝑔(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. 

R = √b2 + h2 
(1) 

α = tan−1 (
b

h
) (2) 

p = √
3g

4R
; 

(3) 

θ̈(t) = −p2 {sin [α sgn(θ(t)) − θ(t)]

+
üg(t)

g
cos[α sgn(θ(t)) − θ(t)]} 

(4) 

e = 1 −
3

2
sin2 α (5) 

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 Set 2 

Block ID #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 

 

 

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 far-

field 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 #5-

8,17-20, 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 

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). 

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 rocking-

dominated 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 #1-

7). 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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Wittich protocol input is a sinusoidal waveform, and its features 

depend on the geometry of the component (i.e., component-

depending 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).  

 

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 

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 

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 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 

  

 

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, near-

field FMs have medium to high period ordinates lower than far-

field 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 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. 

(a) 

 

(b) 

 

 

 

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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 GM FM GM & FM (medians) 

#1A 

 

#1B 

#1C 

#1D 

#1E 

 

  

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 FM  

 

 

 

 

 

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-to-

record 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). 
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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 semi-

diagonal 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 near-

field floor motions produce the largest estimations. Near-

field ground motions are associated with (a) relatively large 

capacities for small rocking amplitudes and (b) capacities 

between FEMA 461-far-field ground motions and AC156-

far-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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