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This paper describes the dynamical behavior of $teeding block structures under seismic
loading. A comprehensive experimental investigati@s been carried out to study the rocking
response of four single blocks of different geometnd associations of two and three blocks. The
blocks, which are large stones of high strengtle lgtanite, were subjected to free vibration, and
harmonic and random motions of the base. In t8%8, tests on a shaking table were carried out in
order to address the issues of repeatability ofe¢balts and stability of the rocking motion respan
Significant understanding of the rocking motion hestism is possible from the high quality
experimental data. Extensive experimental measurenalowed to discuss the impulsive forces
acting in the blocks and the three-dimensionakgdfpresented in the response.
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1. Introduction

Free standing blocks are objects particularly wahke to lateral seismic loading,
since they have no tensile strength and stabaitgrisured if the resultant force from all
actions falls inside the base of the block. Theadgtbased upon the assumption of
continuum structures is not realistic and modekeHaon rigid-block assemblies provide
a suitable framework for the study of dynamic resgounder seismic actions. In this
context, the problem is primarily concerned withckag Motion (RM) dynamics
(Augusti and Sinopoli, 1992).

Rocking motion is defined as the oscillation of tigid bodies (RB) present in a
structure when the center of rotation instantlyngfeafrom one reference point to another.
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This instantaneous change produces a loss of energyo an impulsive force (Priegd
al. 2004) and it has been shown that it is not posdiblstudy a structure that presents
RM as an oscillator of one degree of freedom (Ma#rid Konstantinidis, 2003).

Studies on RM have been carried out for a long tifke first studies are from the
late the 19 century (Milne, 1881; Perry, 1881). However, Haersn work (1963) is
considered as the first systematic study aboudtmamics of RB and is known &se
classical theory Housner (1963) obtained the equation for theogeonf the system,
which depends on the amplitude of rocking, and #umiation for the restitution
coefficient. This author also proposed expresstormalculate the minimum acceleration
required to overturn a single RB. The principal diyygses of Housner are:

» the block and its base are perfectly rigid,

» the surface of the base is horizontal,

» the block is symmetric with respect to the vertiahtral axis,

» there is no sliding of the RB,

e only in-plane 2D) motion is considered,

« the impact of the block during rocking is not elastneaning that the block does not
jump. Therefore, at least one contact point alwaystexietween the RB and its
base,

* angular moment conservation exists (before and efgact),

» three parameters, detailed below, govern the difféal equation of RM.

With these hypotheses, the parameters obtained bysnér (or theoretical
parameters) depend only on the block geometry aassymand not specifically on the
material of the block or the base. Also, rockingtiomis the only possible motion that a
RB can experiment.

After Housner (1963), several studies have beerenfsthiyama, 1982; Lipscombe,
1990; Makris and Roussos, 1998; Pomgieal, 1998; Psycharis, 1982; Winklet al,
1995; Yimet al, 1980; Zhang and Makris 2001) on the RB unddiedift conditions.
The following conclusions can be drawn from thdseliss:

» the theoretical parameters are different from themeters obtained from laboratory
tests,

» the friction between the base and the block isimfitite, thus it is possible to have
slide behavior,

» the motion of a RB is a combination of rockingdslg and jumping. In fact, there
are six motion states (Ishiyama, 1982): a) resslidg, c) rotation, d) slide—rotation,

e) translation—jump, and f) rotation—jump,

» the response of a RB is very sensitive to the bapnatonditions, the impact

(coefficient of restitution) and the type of thesbamotion, e.g. harmonic or random,

frequency contents, etc.

Despite the significant past researches the stddyudti-block systems remains a
challenging task. The main reasons are the negatdpose adequate criteria for the
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seismic evaluation and the lack of comprehensiyeegmental data. It is stressed that
comprehensive numerical and analytical studies BheRist, but there are few authors
describing only the experimentahtureof RB under RM.

In this context, the objective here is to draw remclusions about RM exclusively
from high quality and fully reported experimentahta. An extensive experimental
investigation on the rocking response has beeriedagut at the shaking table of the
National Laboratory of Civil Engineering (LNEC) &ortugal using blue granite stones.
Large single blocks of different geometries sulgddb different types of base motion, as
well as multi-block structures, have been considlefde multi-block structures include
two stacked blocks (referred to as stacked blocks-block structure) and a three-block
portico (referred as trilith). Particular attentiomas given to the experimental data
acquisition, repeatability of the results and digbof the RB. The numerical simulation
of the experimental research on single blocks eafobnd in Pefiat al. (2007).

2. Details of the Testing Program

2.1.Characteristics of the Specimens

Three types of free standing multiblocks structwese tested (Fig. 1): a) four single
blocks of different geometries, b) an ensemblevof $tacked blocks, and c) a three-block
portico. In order to minimize damage during testibfyie granite stone was selected as
material; since it is a very hard stone. The meahmproperties of the granite are given
in Table 1 (Transgranitos, 2007).

Each stone has different geometrical dimension®l€T2). The dimensions of the
single specimens 1, 2 and 3 were fixed to achieMeight-Width ratio K/b) of 4, 6 and
8, respectively, being the height of the three spens equal to 1 m. In addition, the
fourth single specimen was designed with a norarggpilar geometry in order to
compare its performance with the rest of the stoRes this reason, the specimen 4
presents a large 45 degree cut (40 mm) at the(Bagela)

The Height-Width ratio of the stacked blocks is &l &, for the top and bottom
blocks, respectively; while the columns of thettrihave arh/b ratio of 4 (Fig. 1b,c).

In order to minimize the three-dimensionaDj effects, all the blocks were designed
with a Thickness-Width ratiat/p) of 3. On the other hand, with the aim of redudihg
continuous degradation at the block corners oaograt every impact, the stones were
manufactured with a small cut of 5 mm orientedstldgrees at their bases. After sawing
the specimens, no additional treatment of the besecarried out.

A foundation of the same material was used as #se lwhere the blocks are free to
rock. This foundation was rigidly fixed to the shraktable by means of four steel bolts.
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2.2.Test Setup

The uniaxial shaking table of LNEC has a payload 6oftons, a maximum
displacement of £10 mm and a maximum acceleratiagh5y with an input frequency of
20 Hz. These values are adequate for the typepefrerents performed.

The data acquisition system was designed to desthédposition of the specimens at
each instant of the tests and, simultaneously,vtmdathe possibility that the system
influences the response of the specimens. In tmgegt, the data acquisition is based on
monitoring Light Emission Diode Systems (LEDS) bgans of high resolution cameras.
The Position Sensor is a light spot detector ablméasure two-dimensional movements.
A photodiode sensor, namely a semiconductor posgénsitive detector (PSD) was used
as the light receiving element. A LED target is mected to the object to be measured
and the position is measured optically. This elat@s noise errors and enables accurate
position measurement. The position resolution oletiis of 1/5000. The measurement
values are obtained as serial output to the dagmisiion system througiNational
Instrumentglevices and associated software.

The main data obtained with the above system watations around andZ axes,
and linear displacements and Y. The system coordinate is depicted in Figure 2a.
RotationsY and Z were directly measured by means of a mirror linkedhe blocks
surface on the West face of the specimens. The WBBlocated at the same position of
the measuring camera and the light ray emittedfleated at the mirror, so that a larger
measured range is obtained (x100 mm). Details @htirror system data acquisition are
shown in Figure 2b,c. DisplacemeXsandY were measured in two points of the North
face of each specimen through the LEDs coordirditestly (Figure 2a,d).

In addition to the LED-Camera system, two acceletens were placed at the top of
each single specimen. One triaxial accelerometarlaated in the North face and one
biaxial accelerometer was located in the South.fabe displacements and accelerations
of the shaking table were also measured.

Two safety frames were placed at each side (EasWast) of the specimen in order
to protect the table and the stones in case otaveng. In addition, the top block of the
bi-block structure and the lintel of the trilith veeheld by safety cables in order to avoid a
possible downfall. It is noted that the cables Badugh length to allow free rocking and
sliding of the blocks (Figure 2).

It is noted that in pure Rocking Motion, the systhas only one degree of freedom
(DOF) but monitoring of extra degrees of freedoravides a way to measure possible
out-of-plane and sliding motions.

2.3. Types of Base Motion

Three different types of motion were considered: Fage rocking motion, b)
Harmonic motion, and ¢) Random motion. The firgietyof test allows to identify the
parameters used in the classical theory and aaime time to calibrate analytical models
(Penaet al, 2007).
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The harmonic tests allow to study the dynamic bihaf single blocks undergoing
RM regime subjected to a slowly varying forced aiiwn. Three different types of
harmonic motion were used: a) constant sine, lougacy sweep test (run-down and run-
up) with constant amplitude, c) sine with constiaguency and amplitude modulated
with a Hanning function (Hanning sine).

The behavior of the RB under earthquake conditivas studied with a random test.
Thirty synthetic earthquakes compatible with theigie spectrum proposed by Eurocode
8 (2004) were generated. In order to identify théhe accelerograms were named
consecutively with the number of generation. Thastant branch of the spectrum is
located between 0.1 and 0.3 seconds, with a spectraleration of 7 mfswhile the peak
ground acceleration is 2.8 fi/§he main aim of the study is to address stabiftRM
under random motion.

In total 379 tests were carried out in the shakaime using the three different inputs:
a) 175 for the single blocks; b) 82 for the stackkxtks; and c) 22 for the trilith.

2.4.Sliding Motion

The specimens and the loads were designed in twdavoid sliding motion of the
blocks, since the aim of the research was to spuglg rocking motion behavior. In this
context, sliding will occur when the following catidns are fulfilled (Shenton, 1996):

n.<ay; /7$<%. (2.1)

where s is the static coefficient of friction ang is the peak ground acceleration as
fraction of the gravity acceleration.

The static coefficient of friction for the specinseis 0.577 (Table 1). The ratigh is
equal to 0.250, 0.170 and 0.125 for specimens 3 respectively and 0.250, 0.333 and
0.275 for the stacked blocks (top and bottom) aoldrans of the trilith respectively.
Thus, the second condition is not fulfilled, andsliding should occur. Specimen 4 has a
ratio b/h equal to 1.3, but the maximum ground acceleratias 0.28 for random motion
and 0.2 for harmonic motion. Thus the first comuitiis not fulfilled and no-sliding
should occur.

3. Parameters of the Classical Formulation

The differential equation of RM of a rectangular,Rith base?b and a heigh2h, is
(Housner, 1963):

6" + p®sin(a@ ¥ 0) = p>cos@ F H)ag) : (3.1)

where @ is the rocking angle, X means differentiation with respect to timey is the
acceleration of gravity and thesign refers to the domains of the rocking arf3ié and
6<0 respectivelyga is the critical angle ang is a geometrical parameter aaf) is the
base motion acceleration.
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In order to take into account the impact mechanignis necessary to assume a
coefficient of restitutioru that multiplies the angular velocity when the block passes
through the equilibrium position a1=0. The three parameters, © and p will be
referenced in this work aslassical parameterssince they govern the differential
equation of RM of a RB. On the other hand, thequedf the block under rocking motion
will depend on the amplitude of the rocking andgle Housner (1963) derived an
expression for the periodof the system as:

T =2 cosht| L (3.2)

p 1—% '

The classical parameters can be obtained by mefattse cequations proposed by
Housner (see subsection 3.1) or by means of frekimgp motion tests (see subsection
3.2). In this work the values obtained by equatiaiisbe namedheoretical parameters
while the values obtained by experimental test$ lvél calledexperimental parameters
in order to distinguish the form as they were aisdi

3.1. Theoretical Parameters

The critical anglex is defined as the angle at which the block overwue to static
forces. In other words, it is the angle formed kpyeapendicular line from the base to the
gravity center and a line from the gravity centerthe rotation point (Figure 3a).
Considering a RB, the rotation point is locatedhat corner of the base. In case of a
rectangular RB, the critical angle is equal to skenderness angle and can be defined as
(Housner, 1963):

a= tan‘l(bj . (3.3)
h

Parametep is a parameter with dimensions of frequency antkfied as:

p= }%. (3.4)

whereM is the masd, is the corresponding moment of inertia (definethwespect t®
or0’) andR is defined a&’=b*+h? (Figure 3a).

The period of the structure depends on the amg@itfdthe rocking angledfe) and
on the parameteqy (Eq. 3.2). Therefore, it is possible to considier parametep as a sort
of lateral frequency of the system. In fact, theattetical value op (considering rigid
body behavior) depends on the mass of the blbhkahd on its lateral stiffness (moment
of inertial).

By considering that angular moment conservatiostexiefore and after impact, the
coefficient of restitutionu can be obtained by means of (Housner 1963):

y:;) :1—gs|n2(a). (3.5
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where¢’ ® and¢'® are the angular velocities just after and befbeeimpact, respectively.
The values of the classical parameters obtainecegiations (3.3) to (3.5) will be
referenced in this work dkeoretical parameters

3.2.Experimental Parameters

The experimental parameters can be obtained freenrfscking motion tests by mean
of a minimized error surface (Tso and Wong, 19&ihce for free RM, the energy is
conserved between two consecutive impacts, it issipte to derive an analytical
expression for the timeof the maximum amplitudes of rocking angle befanel after
impactn, given by:

1 IO dx
pv2 1 [cosx - a) - cos@)

Equation (3.6) allows to find the experimental espyhere denoted with an *, for the
time at each impact, and the rocking angle amplitudg after the n” impact.
Parameters andp are obtained by minimizing the error surface:

d(ap)= t-t)? (3.7)

On the other hand, taking into account that theti@h between energy after th&
impactE, and the initial energ, is given byE,=E,u", the coefficient of restitution for
each impacty, can be obtained, using the fitted value cofand the experimental
amplitudes,,’, by:

t, (3.6)

_( cos@ -r,) - cos@) 5_ (3.8)
" | cos@-r,)-cos@)

The final value ofu is obtained by averaging the recorded valueg,dh the different
impacts.

3.3. Theoretical vs. Experimental Parameters

The aim of the minimization process adopted hete isvercome the difficulties to
extract the value of the classical parameters.elperimental parameters may not match
with the theoretical ones due to:

» Detailed measurements in the real dimensions obtbeks Small variations in the
geometry give differences in the classical pararegss in specimens 1 and 2.

» Real position of the gravity centdn the case of non-homogeneous material or an
arbitrary shape of the block, as in specimen 4.

» Rotation surfaceWhen the block is completely rigid, the rotatjpoint is located at
the corner of the base. But when the block is notmetely rigid, the rotation point
does not exist. In this case, the block will tendrdtate on a finite surface (Figure
3a). The size of this surface will depend on theenia stiffness. It will tend to zero
(single point) when the stiffness of the matemalds to infinite.
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» Damage Even minor damage at the base of the block clatige values of the
classical parameters (Figure 3b). As an examplgurBi 4a shows a typical free
rocking motion of an undamaged block, with the amgde of the rocking angle
decreasing at each impact. Figure 4b shows a tyfsea rocking motion of a block
that was damaged on one side of the hameshown schematically in Figure 3b. In
this case, the amplitude of the rocking angle erint depending on sign of
movement, yielding non-symmetric response. In tkenwle, the maximum rocking
angle in each cycle is always half degree greatethe damaged side, when
compared to the undamaged side. As a consequdredyldck has two different
values ofa depending on the side of rocking.

* Three dimensional effectas in specimen 3 (addressed below).

Table 3 shows the theoretical and experimentalegabf the classical parameters, for
the single blocks and for the two blocks of theclstal structure. It is worth to note that
the blocks of the stacked structure were testdearocking as single blocks first and as
stacked blocks second. Free rocking tests wereamoed out for the trilith due to the
complexity of forcing the whole structure to hafie same initial rotation angle.

Experimental parameters for specimens 1, 2 antbghelock of the stacked structure
are similar to the theoretical values, with difiezes up to 6% fon. Specimen 4 and
bottom block present moderate differences in tpairameters, especially far, with
errors lower than 14%. Specimen 3 is a particutmecwith three-dimensional effects
addressed later in the paper.

The differences in the values are generally related with the small 45eleguts of 5
mm in the base, which provides a lower experimerdaale. The coefficient of restitution
H is related to damping of the system. The experialeralues are slightly higher than
the theoretical values because there is not coasenvof angular moment, since the
bodies are not fully rigid. On the other hapdpresents a random variation with respect
to the theoretical values. These differences aeetduhe microscopical roughness of the
contact surfaces, as well as to the fact that lsl@rid base are not fully rigid.

4. Dynamics of Free Rocking Motion

Typical acceleration, velocity and displacemenuealon the N-E top corner of the
single blocks are depicted in Figure 5. Velocityd atisplacements were obtained by
numerical integration of the acceleration. The tumial acceleration is practically
constant and only changes its sign instantly ah eéapact, the velocity is linear and
changes its sign at each impact, while displacenseparabolic and decreases with the
number of impacts. The velocity is zero with theximaum displacement and vice-versa.
It is interesting that the horizontal acceleratiemains constant even in the last cycles of
rocking; while the velocity and the displacemermsd to zero. Thus, the amplitude of

% The damaged block is not one of the four specinusesl during the experimental test. This block aéifth
block damaged due to incorrect handling beforértgsOnly one free rocking test was performed as lthock
and it was not considered as part of the speciresad.
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these two quantities is related to the time betwiegracts, calledsemi—period On the
other hand, the vertical acceleration is almosb zkrring each semi—period, becoming
impulsive during the impact.

In order to understand the dynamics of the freeingc motion, one cycle, here
shown between maximum displacements in a giverctiing is detailed in terms of
acceleration (measured at the top of the block)ranking angle, as shown in Figure 6.
When the free cycle begins with an initial angl&edent than zero, the E-W acceleration
is different than zero, while the N-S (out-of-plaaeceleration is zero. The accelerations
remain almost constant until the impact occurghls moment an impulsive acceleration
(force) appears in the three directions. Due taniplsive acceleration a variation of the
acceleration (vibration) appear after the impadie E-W acceleration changes sign and
will tend to remain constant with the same valuehef initial acceleration. The N-S and
Vertical accelerations will tend to zero. For thirticular case, the maximum impulsive
accelerations in E-W and Vertical directions ar¢hie same order of magnitude, while in
the N-S direction the maximum value is around th#. HThis impulsive out-of-plane
acceleration cause3D effects in the RB, as shown later. For one cythe, vertical
acceleration has a shape of a Diiaashile the N-S acceleration shape is a semi-Dirac—
J. The E-W acceleration presents the typahape of rocking systems.

Figure 7a shows a typical free rocking motion oé #tacked blocks, where the
bottom block moves to the rest position and thellopk increases the rotating angle. As
soon as the bottom block movement is stopped oihdliock continues rocking as in free
vibration of a single block.

Figure 7b shows the horizontal acceleration measat¢he top of each block, while
Figure 7c shows the rocking angle vs. horizontalebaration. It is observed that the
behavior of both blocks is not similar to the babawf a single block, since the response
of the blocks is affected by the movement of tHeeoblock. In this case, the horizontal
acceleration of the bottom block is not constargaath semi-period, and at the end of the
motion the acceleration decreases gradually to. zero

5. Rocking Due to Harmonic Motion

5.1.Single Blocks

The response of a RB under harmonic motion dependthe frequency and the
amplitude of the harmonic motion. To illustrate sthfiact, Table 4 shows typical
frequencies and amplitudes at which a single bkfokws rocking. A clear relationship
between the harmonic motion and the rocking motoasts. It is clear that if the
amplitude increases while the frequency remainsteo, the amplitude of the rocking
increases too. On the other hand, and in genéthk frequency of the motion increases,
while the amplitude remains constant, the rockingle decreases. Thus, there are some
couples of frequencies and amplitudes of harmonation for which the RB will
experience rocking. The set of these couples Isdaicking motion space
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The rocking motion of a RB under harmonic loadsvahthree states of movement
(Figure 8a,b). At the beginning of loading, a tiensresponse is found. After this state,
the RB moves with the frequency of the load in aishary response. Finally, free
rocking motion appears upon termination of the iogd

In the case of frequency sweep tests (run-downranelp), the three states of the
rocking motion are found too. Figures 8c,d showsradown test from 5.0 to 0.5 Hz and
3 mm of amplitude and a run-up test from 0.5 toFz0and 6 mm for specimen 2. Since
in a frequency sweep test, the load moves insideutside of theocking motion spage
the response of the RB is rather different than dbestant sine. For both frequency
sweep test, the first move of the RB is similaatoonstant sine test. Thus, the amplitude
of the first rocking angle will depend on the freqgay and the amplitude of the load. For
the case illustrated, the rocking motion, for the-up test, begins after 15 seconds. This
means that the frequencies below 2 Hz do not pmdacking motion with 6 mm of
amplitude. On the other hand, for the run-down, té& RB begins to rock immediately
with the first couple of frequency (5 Hz) and ariydie (3 mm).

The run-down test is in general mat@ngeroushan the run-up test. In the run-down
case, as the frequency becomes lower, the amplitfidiee rocking motions grows up
(see Table 4). This effect is amplified becausefitbguency of the system changes with
the rocking angle and becomes similar to the fraquef the load. On the other hand, in
the run-up test the opposite phenomenon was fofiedhe frequency becomes higher,
the amplitude of the rocking motions decreases anthe same time, the frequency of
the system moves apart from the frequency of thd.lo

5.2.Stacked Blocks

Figure 9 shows the four possible patterns of ragkimotion that the stacked blocks
may exhibit (Spanos et al., 2001), which can beéddiy in two main groups. The first
group (patterns 1 and 2) corresponds to a two degfédreedom system response, in
which the two blocks rotate in the same or oppatiitection. The second group (patterns
3 and 4) corresponds to a single degree of freesimtem response. In particular, pattern
3 is equivalent to a single rigid structure, wiplgttern 4 is the case where only the top
block experiences rotation.

The main patterns found in the stacked blocks tesi® patterns 2 and 4. These
patterns are associated with the amplitude anduénecy of the loads. Pattern 2 was
recorded with constant sine base motion with fregies between 4 and 5 Hz and
amplitudes greater than 4 mm, with frequency ofz6add amplitudes greater than 3 mm
and frequency 7 Hz with amplitudes greater thanri. rRattern 4 was recorded with
constant sine base motions with frequencies betveand 5 Hz with amplitudes lesser
than 4 mm. Therefore, it is possible to constriet tocking motion space for stacked
blocks as shown in Table 5. However, there is rlearcrelationship between the
frequency and amplitude with the maximum rockinglanas found in the single blocks.
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5.3. Trilith

Figure 10 shows schematically the final displacempatterns that the trilith
exhibited during the constant sine base motion.hEpattern was associated to a
particular frequency and amplitude couple, evanif likely that the response is chaotic
in this particular case. It can be seen that a lhighree dimensional behavior is
presented, especially for higher frequencies. Inega, it is possible to classify the
different patterns in two main groups. The firsearorrespond to a lateral motion of the
entire structure with sliding of the pillars (Figsr10b,c,d), that it corresponds to a range
of frequencies between 1 to 3.3 Hz. The secondpgcouresponds to torsional motion of
the lintel with sliding of the pillars (Figures 16e

Here, it is necessary to bear in mind that the itvloltk structures are not continuous
structures and relative displacements between elfsmean occur. This relative
movement between elements modifies the stabilitthef construction even with small
relative displacements because the elements Ibesperfect contact among them. The
lack of contact can be considered similar to damiagdke base that decreases the critical
anglea; becoming the structure more vulnerable to latienales (see subsection 3.3).

A typical behavior of the trilith under constanheimotion (3.3 Hz and 5 mm of
amplitude) is depicted in Figure 11. The laterapthcements of the pillars (Figure 11a)
show the presence of rotational sliding betweemthehile the lateral displacement of
the lintel (Figure 11b) shows the lateral slidihgttthe lintel suffers during the harmonic
motion. The rocking angle behavior of the pillagssimilar to the rocking angle of the
single blocks under harmonic motion, with transistate at the beginning of the motion,
stationary state during the loading and the frezkingg motion at the end of loading.
However, it is worth to note that the amplitudetod rocking angle during the stationary
state is not symmetric for each pillars (Figureg,dl For this particular case, the
amplitude for one sign of movement is around 1 éegwhile for the other is around
0.75 (25% lower). This is due to the sliding rasatiof the pillars and the sliding of the
lintel that modify the contact among elements andhat allow pillars to rock completely
free. In fact, the rocking angle of the lintel slsow residual rocking angle in one
direction due to the natural difference in geomaifythe stone blocks (Figure 11e).
Finally, Figure 11f shows the difference of the king angle between pillars, which
allows to understand if the pillars rock in phaske very small values found indicate
that the pillars rock in phase, while the residuaue of 0.25 degrees is in agreement
with the difference in amplitude for each side lod tocking angle of the pillars (Figures
1lc,d).

6. Repeatability Test

6.1.Single Blocks

Several tests were repeated in order to studyepeatability of the response of the
RB under forced excitation. For the case of harmanbtion the tests selected for
repetition were: a) specimen 1 with the Hanning s 3.3 Hz / 7 mm; b) specimen 2
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with constant sine of 3.3 Hz / 6 mm; c) specimea®@ 4 with all the constant sine tests.
All these tests show that the repeatability in lia@monic motion exists. The six tests
performed with specimen 1 subjected to Hanning ein®.3 Hz / 7 mm are depicted in
Figure 12a. The responses of all six tests ardainiiaking the first test as reference, the
differences (in percentage) of the values of theximam rocking angle is below 3%
except for test number 5 that presents an errdr086. Figure 12b shows the Fourier
spectra of the rocking angle. It can see thatialspectra are practically the same and
they show little differences on frequencies up @Hz. The Fourier spectra show two
peaks. One is related with the load frequency 323, while the other (1.9 Hz) is
associated to the transient response.

In the case of random motion, the tests were chwig with the generated random
motion, under increasing load factors that scadeathginal accelerogram. Each test was
repeated at least two times. Typical responsestaogn in Figures 12c,d in terms of
rocking angle curves for specimen 2 loaded withihgawake 20 and load factors of 1.1
and 1.3. With a load factor of 1.1, the specimemdaaximum rocking angle of 6.8° for
one test while overturning in the other test. Itmarth noticing that during the first six
seconds the behavior of the RB is similar for the tests. With the load factor of 1.3,
did not overturn for any test and both behavioms similar during the first seconds.
However, at the end of the load (at 16.2 s) theabielns became rather different,
especially during the free rocking motion.

6.2. Stacked Blocks

Five tests were repeated twice in order to cheekrdpeatability of the tests under
harmonic motion. The tests repeated were: a) constae of 3 Hz / 3 mm; b) constant
sine of 5 Hz / 2 mm; ¢) Hanning sine of 5 Hz / 4 mthHanning sine of 6 Hz / 4 mm;
and e) Hanning sine of 7 Hz / 3 mm.

The tests with constant sine of 3 Hz / 3 mm andHhaning sine of 7 Hz / 3 mm
were the only two tests that showed repeatabikigure 13a,b). The other three tests
showed rather different behavior of the blocks (Fégl3c).

Figure 13a shows the rocking angle measured iblibeks for the repeatability test
with constant sine of 3 Hz / 3 mm. In this case¢hb@sponses are practically the same,
as shown in the Fourier spectra of the rockingaese (Figure 13b). On the other hand,
Figure 13c shows the response of the stacked blao#ter the Hanning sine of 6 Hz / 4
mm. In one test, the top block overturns with egdessliding, while in the other test the
top block shows no overturn with a maximum rockamgle of 3 degrees.

From these tests, it is possible to conclude tiatifficulties to reproduce the initial
conditions of the two blocks at each test leada tack of repeatability in some of the
tests, indicating a quasi-chaotic response.
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7. Overturning of the Single Blocks Due to Base Randorklotion

Specimen 1 was damaged after the set of test Hedciabove. Therefore, only
specimens 2 to 4 were subjected to random motiowrder to study the dynamic
behavior under earthquake motions.

In the process of overturning of the blocks foyseads can be considered, as shown
in Figure 14. The first aspect is thetical angle point that can be defined as the angle at
which the block becomes unstable and begins thetloming process. When the block
reaches the critical angle, there is a small lagfgéme in which the block can return to
the stability or can become unstable, dependintherioad. This stage can be denoted as
transition If the block becomes stable again, the processocking continuous.
Otherwise, the block becomesstableand theoverturningprocess is irreversible. The
duration of the transition will depend on the cleégastics of the load. It could be
observed that sometimes the load is so high tleatrénsition stage practically does not
exist and the overturning of the specimen happemsediately after the critical angle is
reached.

Table 6 shows the average critical angle obtaimeth fthe tests (dynamic critical
angle) and from the theory (static stability onlyging the static critical angle lower than
the dynamic one due to inertial forces. For spenitand 4, the dynamical critical angle
is around 15% larger than the static. For speciB)ahe static critical angle is only 2%
larger than the static. This should be expectedpasimen 3 is very slendéen/§ ratio
equal to 8) and the effect of the inertial forceems of less relevance for stability
purposes.

8. Tri-Dimensional Behavior of the Rocking Motion

One of the most important hypotheses of the RMsatastheory is the assumption of
in-plane motion. The specimens used in the laboyratests were designed with a
constant Thickness-Width ratid/lf) equal to 3 in order to minimize the out-of-plane
motion. However, as it will see in this sectionyfpet in-plane motion can hardly be
obtained.

8.1.Single Blocks

In all the tests performed in specimen 1, theradssliding or rotation around the
vertical (Y) axis (torsion), as shown in Figure 15a. A claaspure rocking angle in-plane
behavior is obtained.

Specimen 2 shows some rotation around the verixial in all the tests exhibiting
rocking motion. Of course, in the absence of rogkio torsion occurs. Figure 15b shows
the angles and horizontal displacements due tonstaot sine of 3 Hz / 8 mm. The
torsion angle increases continuously with rockingtion and the maximum total value
found in this case is almost of one degree. Howeitas noted that the value of the
torsion angle variation between each impact is Vewy (about two orders of magnitude
below the rocking angle). Therefore the consequertfethis torsion in the rocking
response are negligible. The residual horizontggldcements measured in the North face
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are due to the torsion angle (torsional sliding) ant due to (pure lateral) sliding motion.
For harmonic loads, the total magnitude of theidorsingle is related to the amplitude of
the load but not related to the frequency. HoweYer, random motion there is no
relationship between the torsion angle and thedoad

Specimen 4 shows also a small rotation aroundoatréixis (Figure 15d), which can
be neglected for engineering purposes. Again, thsidual (marginal) horizontal
displacement measured in the North face is dudeotdrsional sliding and not due to
pure lateral sliding motion.

Finally, specimen 3 (Figure 15c) has a very différbehavior from the other
specimens because it shows a vibration arouncceéekis even in the absence of sliding
motion. This vibration around théaxis means that the stone 3 behaves like a stidhe w
a larger base as shown schematically in Figurd b effect related to high slenderness
of the specimenh{b equal to 8) causes the theoretical parameters thdse of a block
with an equivalent larger base.

In conclusion, specimen 1 is the only one that shawperfect in-plane behavior;
while the specimens 2 and 4 show small rotationsirad theY axis. This effect can be
neglected and it is possible to study the RM ottBpens 2 and 4 by considering only a
2D motion (Pefiaet al, acc). Similarly, specimen 3 has the larger oytahe behavior
and this behavior makes its theoretical parametecsrrect. The specimens were
designed with a ratitlb equal to 3, in order to minimize the out-of-pldyehavior. This
ratio is insufficient for specimen 3 and a bettptian would be to define a constant
inertial ratio (¢/Jy). Specimen 3 has the lower torsional inertia, &kppecimen 1 has the
greater one ( see Table 2). However, a detailelysinaf this aspect is outside the scope
of the present study.

8.2. Stacked Blocks and Trilith

Highly three-dimensional behavior was recordechin dtacked blocks and the trilith.
These effects consist in sliding, torsional rotagicand lack of perfect contact among
elements (Figure 17).

The dimensions of the blocks were selected in otdeavoid sliding according to
Equation (2.1). Single blocks do not present taimhal sliding, but the multi-block
structures exhibit sliding, probably due to comkima of insufficient contact between
stones in multi-block structures and the fact tgation (2.1) is not applicable.

9. Conclusions

The study of the dynamic behavior of free standilogks is an important task in the
seismic assessment of structures since selectectss or structural elements can be
modeled as free standing blocks. Typical exampteoray others are: a) constructions
formed by large stone blocks; b) simple masonrycstires which often fail forming
large macro-blocks under seismic loadings; ¢) mad)i furniture, equipment, statues
and other art objects; d) base isolated buildieysiuclear reactors. In this context, the
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seismic assessment of these structures, as weaheastructural intervention should
consider the effect of the rocking motion.

Therefore, this paper focus exclusively in a corhpresive experimental program
carried out on four single blocks and multi-blotkustures, with two and three blocks, of
blue granite stones under dynamic loading. Frekimgcmotion tests allowed to obtain
the parameters that define rocking:p andp. The experimental values afare lower
than the theoretical values while the restitutioeficient is larger. Parametgr does
not give any defined trend. The dynamic criticaglerthat defines stability of the rocking
block under dynamic loading is always larger thia@ $tatic critical angle. Thus, the
static critical angle is a conservative value far tlesign process.

Specimens with low and moderate slenderness (dov@) present less variation in
their parameters, since these stones are clostetbypotheses made by tbkassical
theory. Specimens with large slenderness as well as the-Inock structures exhibited a
highly 3D behavior.

It is worth to note that sliding motion was notwoeded in any single block test, but
the multi-block structures present translationalis) even if the blocks were designed
with dimensions to avoid sliding. This means the telationship between geometrical
dimension and coefficient of friction is valid onfgr single blocks but not for multi-
block structures, since the interaction among Haodkanges the boundary conditions of
the blocks.

For single blocks, repeatability of the tests whthrmonic ground motion exists.
However, the response for random motion is chagttb very large variations found.
This is due to the combination of high frequeneiad the small changes in the boundary
conditions. Stacked blocks presented low repedtalidr harmonic ground motion due
to the difficulty to reproduce the equal initialrahitions of the structure.

The amplitude of rocking depends on the frequenoy amplitude of load. The
rocking amplitude is larger with low frequencies.the rocking motion due to harmonic
loads, three steps are found, namely: a) Trandigr8tationary and c) Free rocking.

The impact produces impulsive accelerations inbloek. These accelerations were
recorded in three orthogonal directions (horizdptaparallel and transversal to the
movement, and vertically). Thus, at each impactnapulsive out-of-plane acceleration
tends to induce three-dimensional behavior. Theeefib seems necessary that numerical
simulation of the multi-block structures takes in&mcount the three-dimensional
behavior and considers stochastic process.

The experimental campaign demonstrates clearlirtfits of the classical solutions,
also when perfect boundary conditions are triebletoeproduced.
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Table 1. Mechanical properties of granite stonauifggranitos, 2007).

Property Value
Mass Density 2670 kg/m
Compressive Strength 134 N/rAm
Bending Strength 14.7 N/rfm
Apparent Porosity 0.4 %
Water Absorption 0.2 %
Abrasion Resistance 1.7 mm
Shock Resistance 30 mm

Coefficient of friction 0.577
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Table 2. Test specimens: dimensions and properties.

Block Specimen Width Height  Thickness Mass Inertia2 Torsional Inzertia
2b(m) 2h(m) 2t (m) M (kg) 1o (kg-m") Jo (kg-m°)
Single # 1 0.25 1.000 0.754 503 179 26.6
Single # 2 0.17 1.000 0.502 228 78 5.3
Single # 3 0.12 1.000 0.375 120 42 16
Single # 4 0.16 0.457 0.750 245 26 12.0
Stacked (top) 0.15 0.600 0.400 97 12 15
Stacked (bottom) 0.20 0.600 0.550 178 48 5.08
Trilith (columns) 0.22 0.800 0.650 305 70 2.75
Trilith (lintel) 1.02 0.150 0.650 265 70 8.53
Base 1.00 0.250 0.750 500
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Table 3. Theoretical and experimental values otthssic parameters.

. a (rad) u p (1/s)
Specimen T E D T E D T E D

1 0242 0235 2.9 0.914 0.936 24 378 384 16
2 0.168  0.163 -3.0 0.958 0.973 16 381 405 6.3
3 0119  0.154 29.4 0.978 0.978 00 382 361 55
4 0310  0.268 135 0.860 0.927 78 516 502 2.7
Stacked (top) 0245  0.229 -6.5 0.912 0.955 47 488  5.00 25
Stacked (bottom) ~ 0.322  0.366 13.7 0.850 0.948 115482 450  -6.6

T = Theoretical, E = Experimental, D = Differencepercentage
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Table 4. Typical rocking motion space and maximwuoking angle (°) for harmonic

motion (specimen 2).

Constant Amplitude (mm)
Sine (Hz)
03 04 05 06 08 10 12

0.5 N-R N-R
1.0 N-R
1.5 6.08
2.0 N-R N-R N-R 3.04 3.93
2.5 N-R N-R 2.27 2.33 2.63
3.0 1.36 1.49 1.85 1.87 2.15
3.3 1.35 1.49 1.57 1.42 2.03
5.0 0.95 1.14 1.23

N — R = No rocking
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Table 5a. Typical rocking motion space for harmamid maximum rocking angle (°) for
the stacked blocks (top block).

Constant Amplitude (mm)

Sine (Hz) 01 02 03 04 05
3.0 2.907 3.159
33 2.105 3.021 4.145
4.0 1.422 1.99 3.536 3.128 Collapse
5.0 2.357 1.852 Collapse
6.5 0.880 3.472

Hanning Amplitude (mm)

Sine (Hz) 10 20 3.0 4.0 5.0
1.0 N-R
2.0 0.260 0.233 0.700 5.700
3.0 N-R 2.685 2.87 3.598
4.0 1.272 1.586 1.924 2.175 3.578
5.0 0.605 1524 1.652 2.268
6.0 0.430 1.644 2.64 3.672
7.0 0.937 2.165 2.578 1.996
8.0 2.527 2.048 1.568 1.698
9.0 0.671 1.731 1.374

N — R = No Rocking

Table 5b. Typical rocking motion space for harmamd maximum rocking angle (°) for
the stacked blocks (bottom block).

Constant Amplitude (mm)

Sine (Hz) 01 02 03 04 05
3.0 N-R N-R
3.3 N-R N-R 0.674
4.0 N-R N-R 0.557 0.361 5.278
5.0 0.419 0.285 9.704
6.5 0.132 1.794

Hanning Amplitude (mm)

Sine (Hz) 1.0 2.0 3.0 4.0 5.0
1.0 N-R
2.0 N-R N-R N-R N-R
3.0 N-R N-R N-R N-R
4.0 N-R N-R N-R 0.224 0.600
5.0 N-R N-R 0.358 0.363
6.0 N-R 0.346 1.72 2.343
7.0 0.217 1.412 1.350 1.406
8.0 0.133 1.055 1.061 1.182
9.0 0.207 0.926 0.873

N — R = No Rocking
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Table 6. Critical angle.

Specimen Critical Angle (°)
Statical Dynamical Difference (%)
2 9.6 11.2 16
3 6.8 6.9 2

4 18.0 20.8 15




Fig. 1. Test specimens: a) Single blocks; b) Stadhecks; c) Trilith.
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Fig. 8. Typical results of harmonic motion testspgcimen 1, constant sine with frequency of 3.&hktt amplitude of 6 mm; b)
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a) b) c) d)
Fig. 9. Classification of rocking patterns for ackted blocks: a) Pattern 1; b) Pattern 2; c) Ra8ed) Pattern 4
(Spanos et al., 2001).
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Dynamical behavior of free standing blocks unassmic loadings 37

Displacement [mm]
Angle []

T T T T T
0 2 4 6 8 10 12
Time [s]

JHMH\ |

i u'qmvur;:vmununmvml*nH""'W ‘

T T T T T T T T
0 5 10 15 20 0 5 10 15 20
Time [s] Time [s]

Displacement [mm]
Angle []

Displacement [mm]
=
Angle []

Displacement [mm]
Angle []

T T T T T T T T T T
0 5 10 15 20 25 30 35 40 45 50 55 60
Time [s]

T T T T T T T T T T T
0 5 10 15 20 25 30 35 40 45 50 55 60
Time [s]

d) Specimen 4

Fig. 15. Typical results obtained for harmonic rntihorizontal displacements at bottom (DX-1) aop (DX-2)

of each specimen (left) and rocking (Z-axis) artdlttorsion angle (Y-axis) of each specimen (right)

a
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Fig. 16. Schematically vibration aroul¥caxis of specimen 3 (plan view).
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b) Trilith

Fig. 17. Typical final patterns of the multi-bloskuctures under different types of harmonic mation



