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SUMMARY

Predicting the rocking response of structures to ground motion is important for assessment of existing
structures, which may be vulnerable to uplift and overturning, as well as for designs which employ rocking
as a means of seismic isolation. However, the majority of studies utilize a single rocking block to characterize
rocking motion. In this paper, a methodology is proposed to derive equivalence between the single rocking
block and various rocking mechanisms, yielding a set of fundamental rocking parameters. Specific structures
that have exact dynamic equivalence with a single rocking block, are first reviewed. Subsequently,
approximate equivalence between single and multiple block mechanisms is achieved through local
linearization of the relevant equations of motion. The approximation error associated with linearization is
quantified for three essential mechanisms, providing a measure of the confidence with which the proposed
methodology can be applied. Copyright © 2014 John Wiley & Sons, Ltd.
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1. INTRODUCTION

Original interest in the rocking response of structures stemmed from the desire to quantify ground
accelerations and explain overturning during earthquakes (e.g. [1, 2]), but related research continues
to expand. This is partially due to the complex dynamics of very simple rocking systems, for which
harmonic steady state modes and overturning envelopes (e.g. [3—6]) are intriguing, even before
consideration of sliding and bouncing (e.g. [7, 8]) or multi-block systems (e.g. [9-12]), which
rapidly engender untenable complexity for practical applications. Continued research interest also
stems from the fact that deterministic methods of reliably predicting rocking response have
remained elusive due to poor conditioning of the dynamical system and irregularity of expected ground
motions. As a result, the problem has often been tackled from a stochastic perspective (e.g. [2, 13, 14]),
generating trends in overturning behavior or probabilistic predictions. Alternatively, overturning has
been investigated by considering pulse-type motions, to which rocking structures are particularly
vulnerable, and for which deterministic results are achievable (e.g. [15-17]). Quantification of the
rocking response to pulse-type motions provides tangible overturning predictions, but the response to
ground motions where multiple impulses are influential is both time-dependent and sensitive [14], and
again beckons for probabilistic methods.

From a more practical perspective, interest in rocking has expanded because of the peculiar negative
stiffness, which is characteristic of rocking motion, and effectively isolates the structure from the full
influence of ground motion. While this seismic isolation was exploited by pioneering engineers in the
1970s [18, 19], the use of rocking was limited in practical engineering design, although it is recently
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gaining momentum [20-22]. Recent applications limit the magnitude of rocking through the use of
post-tensioning and energy dissipation, in order to meet compatibility requirements. Thus, the
focus of related investigations has shifted from prediction of overturning to prediction of maximum
rocking amplitude, or drift, including specification of required post-tensioning stiffness and
damping capacity to meet drift limits. While these studies have often preferred computational
methods of analysis, they have also inspired analytical investigations that more generally capture
the effects of damping on rocking [23].

In this context, there is a need to predict the expected rocking response, whether the concern is
possible overturning of nonstructural components, possible collapse of unreinforced masonry
structures, or the design of a rocking bridge pier. In practice, rocking structures are assessed
using static analysis methods or by using linear elastic response spectra (e.g. [24]), both of
which are of limited accuracy [25]. Instead, rocking response spectra could be particularly
useful. However, such spectra require rocking structures to be defined by a single set of
rocking parameters.

This paper presents a methodology to derive an equivalence between SDOF rocking structures
(or mechanisms) and the single rocking block. This would allow rocking response spectra, as
well as the vast existing research on the single rocking block, to be more broadly applicable.
Exact equivalence between different single block structures is straightforward and is considered
first, followed by the consideration of approximate equivalence between single and multiple
block structures.

2. REVIEW OF SIMPLE ROCKING STRUCTURES

An archetypal rocking system is the single rocking block subjected to horizontal ground motion
(Figure 1). The rocking block is the most studied rocking system, and provides a basis for
comparison to other SDOF rocking systems. This section presents the equations of motion for the
rocking block and reviews other rocking structures for which a direct equivalence with the rocking
block exists. The present study focuses solely on the case of pure rocking behavior: the rotation
about alternate bottom corners of the block around the pivot points O and O’ (Figure 1).

2.1. The rocking block and the fundamental rocking parameters

Consider a rigid block with semi-diagonal R and slenderness a, as defined in Figure 1, subjected to a
horizontal ground motion with acceleration time history i, (r). If the coefficient of friction is sufficient

Figure 1. Rocking block geometry.
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to prevent sliding, and the block slender enough to avoid bouncing, the block will uplift and commence
rocking once the ground acceleration exceeds a minimum magnitude:

A=lemin _ ng (1)

where g is the gravitational acceleration and A the dimensionless uplift parameter. According to the
formulation of Housner [2], the equations of motion during pure rocking are:

Io0(t) + MgRsin(+a — 0(t)) = —Rcos(+a — 0)Miig(t), 0(t) >0 @
1o 0(t) + MgRsin(—a — (1)) = —Rcos(—a — O)Mii (1), 0(t) <0

where I, is the mass moment of inertia of the block about point O and 8 is the rocking rotation
(Figure 1). Rearranging Eq. (2) and using the sgn() function yields

6 = p? (— sinfa sgn(0) — 0] —i%g cos|asgn(0) — 0]) 3)

where p is the rocking frequency parameter, which equals the pendulum frequency of the block when
hung about its corner. For a rectangular block (Figure 1), p = p,; = \/3g/(4R).

Further, for slender blocks, Eq. (2) can be linearized about the point of unstable equilibrium
(0=0,.,=a), yielding [2]:

1o 0(t) + MgR(o — 0(t)) = —MRii,(t),  0(t) >0

. 4
Io0(t) + MgR(—a — 6(1)) = —MRiiy(1), 6(r) <0 @

Equation (4) can also be written as:
6 = p? (—a sgn(d) + 0 — %) (5)

Under the assumption of pure rocking, when the block returns to its initial position (0 =0), impact
takes place, the pivot point changes, and the rotation switches sign. A simple way to treat impact is
with a coefficient of restitution 7, which describes the energy dissipated at impact as the ratio of the

pre- (6" ) and post- (9+) impact angular velocities:
0 =nd (6)

The accuracy of this definition of the coefficient of restitution is application and material specific
and is beyond the scope of the present paper. Instead, the coefficient of restitution will be treated as
an independent parameter in the formulation of the rocking problem, as in [4], allowing
implementation of any method of determining its actual value (e.g. [26, 27] and references therein).

Equations (1)—(6) identify four essential parameters that define the response of the rigid rocking
block: (i) a frequency parameter p; (ii) a point of unstable equilibrium 6,.; (iii) an uplift parameter 4;
and (iv) a damping parameter 7. In the case of the rocking block, linearization about the unstable
equilibrium position results in a special case where 1;,=6.=a, so the number of essential
parameters is reduced to three. However, this is not generally the case. For other structures, 1+# 6.,
for both the nonlinear and the linearized equations of motion, as discussed in Section 3.

Linearization of the equation of motion about a static configuration, as in Eq. (5), is essential to the
proposed approximate equivalence discussed in Section 3. It should be noted that the static
configuration where the linearization is applied is important [6, 28], and that the linearized equations
of motion become less accurate for non-slender blocks [29]. Further, the magnitude of the error caused
by using a linearized formulation is dependent on the magnitude of the rocking response, which is both
sensitive and time-dependent. However, trends in linearization error can be observed [29], and indicate
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that the size and slenderness of the block, relative to the frequency and amplitude of the ground motion,
affect the error. Note that in Section 3 of this study, the focus is instead on quantifying the error associated
with the linearization of the mechanisms themselves, independent of the time dependence of the ground
motion. Errors for specific ground motion would be less consistent and could be considered separately
as in [29].

2.2. Direct equivalence to the single rocking block

Numerous authors have investigated the rocking response of a single rigid block using the formulation of
§2.1. Interestingly, the same four rocking parameters (p, 6.,, 4, 77) can also describe the dynamic response
(linear or nonlinear) of any symmetric rigid object that rocks about alternating symmetric corners, as well
as a select group of more complicated structures. Table I presents three structures that are dynamically
equivalent with the rocking block and includes their corresponding rocking parameters. Note that for
this table, conservation of angular momentum [2] was used to calculate the damping parameter.

Perhaps the simplest of these structures (Table I) is the point mass on a massless rigid strut with a
rigid base, for which the frequency parameter p is readily evident as the natural frequency of a
pendulum. The rocking conical shell model (Table I) has been used to evaluate the observed
overturning of masonry spires due to horizontal ground motion [30]. A similar model of a cracked
spire with a diagonal base (not shown) provided good predictions of experimental results for near-
source earthquakes, which contain a dominant primary pulse [31]. In both cases, potential rotation
of the conical shell about its vertical axis is ignored.

These equivalences result from different geometries of a single rigid body and, in that sense, are
somewhat unsurprising. On the contrary, the symmetric rocking frame (Table I) involves a multiple
block mechanism that also exemplifies direct equivalence with the single rocking block [32].
Section 5 demonstrates that the symmetric rocking frame is a special case of a more general class of
rocking mechanisms, which are locally equivalent to the rocking block. Note that this equivalence is
obviously not possible if sliding and bouncing were considered [10, 11], although these effects may
be minimal for slender structures subjected to short-duration ground motions.

3. MULTI-BLOCK ROCKING MECHANISMS—PROPOSED METHODOLOGY

A single equation of motion (either Eq. (3) or (5)) describes the response of any of the structures in
Table 1. Thus, their direct equivalence is somewhat palpable. The present and following sections
deal with multiple block mechanisms whose equations of motion are not identical to the pertinent of
the rocking block. Instead, an approximate equivalence is sought.

Table I. Rocking structures with direct dynamic equivalence to the single rocking block.

Rocking parameter

+07
2 3 £ 3¢ 16 3e 142y
I3 IR R 4R 3(6- sin’a) 4R; 143y
0(,‘]‘ a
A tan a
_ 3.2 1.2 i Ny +3y cos 2a
n Ny =1-— 5 sin“a Ny — 7 SIN" ot 1—%sin2a 13y

For the frame, y = mpeam/Meotumns, Where Mpeq, 1s the mass of the beam and 1., 1S the combined mass of the
columns [32].

Copyright © 2014 John Wiley & Sons, Ltd. Earthquake Engng Struct. Dyn. 2014; 43:1543-1563
DOI: 10.1002/eqe



DYNAMICALLY EQUIVALENT ROCKING STRUCTURES 1547

In general, the equation of motion for the rocking block, or any rocking mechanism, can be derived

using Lagrange’s equation:

o (orT or ov

o B B R )
t\ogp) O O¢

where T is the kinetic energy, V is the potential energy, Q is the generalized force, and ¢ is the

generalized coordinate, which describes the rocking motion. For the rocking block, Eq. (7) returns
Eq. (2). However, for multiple block mechanisms, Eq. (7) yields an equation of the following form:

Lu($)b + Ju($) " — Gu($)g = —Bul b (8)

where 1, J,;, G,;, and B,,; are nonlinear functions of the generalized coordinate, and the point of
unstable equilibrium (¢,,) is determined from

ov

bl =0 9
50l s, ®

The minimum ground acceleration ii, i, capable of initiating rocking can be determined either from
the principle of virtual work, or by substituting d) =0, d) =0, ¢ =0into Eq. (8):

ug,min _ Gnl(o) - (10)

There are two essential differences between Eqs. (2) and (8). First, Eq. (8) includes an additional

term J,,;(¢) df, which describes the centrifugal and Coriolis accelerations. Second, the inertial term
L(¢) in Eq. (8) is now a function of the generalized coordinate. These differences prevent
straightforward equivalence with the rocking block. Instead, this study utilizes local equivalence
with the rocking block at the unstable equilibrium position (¢=d¢,.) to derive an overall
approximate equivalence. For small amplitude vibrations about an equilibrium point, Lagrange’s
equation (7) assumes the linearized form [33]:

T A
2 ¢ + F (¢ - ¢cr) - Q|¢:¢” (11)
0 lp—g, ¢ $=ber
For a multi-block mechanism, Eq. (11) yields
leg & = Geg(¢ = br)g = —Begiy (12)
where G, B, and 1., are constants that are specific to the kinematics of the unstable equilibrium

configuration (Sections 4 and 5):

T 18’V

qu = ) Geq = Beqﬂg = _Q‘(ﬁ:(j}_ (13)
¢ lg=g,

2044y,

Equation (12) differs from the pertinent equation of the rocking block (4) in that the excitation term
is scaled differently than the stiffness term (B,, # G.,). For this reason, the following transformation of
variables is introduced:

0(t) =—= (14)
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where 6 represents the rotation of the equivalent single block, while ¢ represents the rocking rotation
of the multi-block mechanism, and further

B,
K=K = (15)
1 Gey
With the help of the transformation (14), the equation of motion (12) assumes the form:
. 5 il
= peq<e”+e—) (16)
8
which is now directly equivalent with (5), and for which
8 Geq d)cr
= 0, = 17
peq qu ) K ( )

As for the rocking block in Section 2, the uplift acceleration is affected by the linearization, and for
Eq. (12), it becomes

.G
Bemin _ Zed g = i (18)
8 e

o]
<

Hence, the scaling parameter (15) can be written as

bu

— rer 1
/llin ( 9)

K1

In general, 4, is an approximation of the exact value 1 from Eq. (10). For the rocking block, the
difference between these two values increases as the block becomes less slender. It is not always
evident whether more complicated rocking structures (Sections 4 and 5) are effectively slender or
stocky, but the ratio between 4, and A provides a useful measure to quantify effective slenderness.
For non-slender structures, an alternate definition of the scaling parameter is desirable:

/1 (20)

K=Ky =

Note that the definition of Eq. (20) meets the uplift boundary conditions of the nonlinear system,
whereas definition (19) does not. Thus, use of Eqs. (17) and (20) together result in an equivalent
block approximation where linearization about the rest position is used to determine x,, while
linearization about the point of unstable equilibrium is used to determine p,,. Sections 4 and 5
investigate the effects of these approximations.

The methodology proposed earlier hinges on a local approximation of the nonlinear equations of
motion around the unstable equilibrium position. In practice, civil engineering structures experience
relatively small rotations, so the study of critical configurations may be adequate. Further, the error
associated with ground motion prediction is large, so the error associated with linearization may be
acceptable. Physically, and in particular dynamically, multiple block rocking mechanisms are similar
to the single rocking block when (i) they can be modeled as SDOF systems; (ii) the different
kinematics are locally similar; and (iii) the self-weight restoring mechanism generates the
characteristic negative stiffness of rocking behavior. These conditions yield structures that can be
described by three fundamental mechanical mechanisms: the pendulum, the slider-crank, and the
four-bar linkage. The previous section considered the pendulum or single block mechanism. The
following sections consider the slider-crank (two-block) mechanism and the four-bar linkage
(three-block mechanism).

Copyright © 2014 John Wiley & Sons, Ltd. Earthquake Engng Struct. Dyn. 2014; 43:1543-1563
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4. TWO-BLOCK MECHANISMS—THE ROCKING MASONRY WALL

Consider the slider-crank mechanism shown in Figure 2. Several studies (e.g. [34-36]) adopt this
fundamental mechanical configuration, or variations of it, to study the out-of-plane behavior of
masonry walls. Variations of this mechanism, which consider additional loads or mass from adjacent
structure, could be considered in a similar fashion, but only the unloaded wall is considered here.
Using the rotation ¢ (Figure 2) as the generalized coordinate, the nonlinear equation of motion of
this rocking structure (direction shown) is

1 2R - R . Llii
<2mOgR —1—? sin® (a0 — (;S)) ¢ — < sin2(a — ¢) d)z + sin(a — ¢) = _E%g cos(a — ¢) (21)
where I is the mass moment inertia of one block about its corner. Note that Eq. (21) is of the same
form as Eq. (8). Linearization of Eq. (21) about the unstable equilibrium position (¢, =a) yields

2R . _ _ lu_g

According to Eq. (15), k; =1/2, and the transformation of variables in Eq. (14) yields

é = piﬂ” <6 - ecr - %) (23)

where p,,.; = \/pr, = +/3¢/2R and 0., =20 through the use of Eq. (17), and 6(r) =2 ¢() according
to Eq. (14).

The error associated with linearization arises from the approximation of the frequency
parameter p and the scaling parameter x , both of which are constant in the linearized
formulation but vary with the rocking rotation in the nonlinear formulation. The frequency
parameter p essentially defines the period of free rocking as a function of the rotation angle. If
no ground motion occurs, then x has no effect on the results. To evaluate the error associated
with the approximation of p alone (independent of x), the error in free rocking period
(Ty.piockeq! Ty wan) 18 plotted as a function of rotation angle (¢/¢.) and slenderness (@) in
Figure 3 (top left). The free rocking period of the rocking wall T,,,; was calculated
numerically using Eq. (21), while the free rocking period of the equivalent block [2] is:

4 1
Tr,blockeq = p_ COSh71 <7> (24)

2R

Figure 2. Rocking wall geometry.
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Figure 3. Evaluation of the equivalent block approximation of the masonry wall: free rocking period error
(T, biockeq! Ty, wan ) (top left), uplift parameter error (bottom left), and overturning time error (over, piockeq! tover, wait)
using x | (top right) and x , (bottom right).

To evaluate the error associated with «, a forced response must be considered. A constant horizontal
ground acceleration of infinite duration was specified, and the time required (Z,,c,,,,;7) for the wall to
reach the point of overturning instability (¢ = ¢.,) was determined numerically using Eq. (21). The
overturning time for the equivalent block described by Egs. (16) and (19) is [2]:

1

lig )
g;“ ;Llin

1
tover,blockeq = — COSh_] +1 (25)

eq

Figure 3 (top right) shows the error in overturning time (Zoyer. piockeq!tover,wan) @s @ function of the
magnitude of the ground acceleration normalized by the wall uplift acceleration (ii,/gA) and the
slenderness (a). Note that the absolute overturning time is not of interest, but the ratio of
overturning times provides a simple and consistent measure of the magnitude of the error in the
forced response through the entire range of motion of the structure.

The results indicate a relatively small magnitude of error for slender walls (a0 < 0.2). The error in free
rocking period is least near the point of unstable equilibrium, the point about which the equation of
motion is linearized. While these errors are not ideal, they may be acceptable considering the
accuracy of earthquake prediction.

For the wall under consideration, x; = 1/2, while x, =0/2 tan a. The difference between these scaling
parameters arises from the difference between 4 and A;,, which is shown in Figure 3 (bottom left).
Using x, instead of x, the overturning time error is shown in Figure 3 (bottom right). The largest
difference in overturning time errors is seen for values of ii,/gA near unity, where the response is
obviously sensitive to the assumed uplift acceleration. Regardless, for this structure, the selection of the
scaling parameter has a relatively small effect on both the uplift accelerations and the overturning time
errors, so use of either x; or k, may be appropriate. However, this is not generally the case.

5. THREE-BLOCK MECHANISMS

This section examines two more complicated rocking structures: the asymmetric rocking frame and the
rocking arch. Under specific assumptions, both structures exhibit a three-block rocking mechanism. For
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the asymmetric rocking frame, the pivot points are predefined but the rocking mechanism differs depending
on the sign of the rocking rotation. The rocking arch, on the other hand, displays a symmetric rocking
configuration with respect to the sign of the rocking rotations, but the pivot points are not known a priori.

5.1. The asymmetric rocking frame

A more general case of the two-column rocking frame in Table I is an asymmetric rocking frame
(Figure 4). During rocking, the two piers do not exhibit the same rotation, which causes the connecting
beam to both translate and rotate. As a result, the kinematics becomes more complicated and the
mechanism bears more resemblance to the rocking arch (Figure 9) than to the symmetric rocking frame.

Defining the properties of an equivalent rocking block becomes a more tedious and challenging task.

Figure 4 illustrates the assumed three-block mechanisms for clockwise (positive) and anticlockwise
(negative) rotations. The pivot points are A, B, C, and D for positive rotations (Figure 4 left) and A’, B, C’,
and D’ for negative rotations (Figure 4 right). In both cases, it is assumed that no sliding occurs. Note that
the two mechanisms are not identical (Figure 4). For positive rotations, the distance rp,, (measured from B

to the center of mass Gpc) is larger, and the angle y g, is smaller than the corresponding distance r¢,, and
angle ypc,, for negative rotations. For this reason, depending on the sign of the rocking rotation, the

following substitutions must be made in Egs. (27)—(38):

Ipc = Ipcp, TBC = TBC.ps ¥BC = ¥BC, p
Igc = IBC,m IBCc = I'BC.ns Ypc = VBC,n>

Jor ¢ =y, —9 >0
f0r¢:¢0n_(p<0

(26)

p=¢,,—¢>0 $=9,,—9<0
- sch =0 I Pyscn =Y i
¢>0 c P 70 ¢<0 ,'B' Psc * ¢
{ 7
T / Z_
wO,p = 5 +a ',",_00,)1 2 a
N
0 /
: AT
* L 1 * L +
Ao : :
Zh: TBcp _roUBC B" rgchn,"UBC c
g e, ¥ T
#Gep
2H
Gz 7Gas
YO ID,n
D'
Y-y} yy
@0) §0 N
4 o M B S
- Axx AL xx
% ‘

Figure 4. Geometry of the asymmetric rocking frame.
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where subscript p corresponds to positive rotations (Figure 4, left) and subscript n to negative rotations
(Figure 4, right).

5.1.1. Kinematic analysis. The rich kinematics of the three-block mechanism (i.e. four-bar linkage) of
Figure 4 has been examined extensively in the literature of machines and mechanisms. The following
analysis is confined to the needs of the present study.

The instantaneous configuration of the three-block mechanism can be captured with a single
generalized coordinate, which is selected as the angle ¢ of segment AB with respect to the
positive x-axis. The rocking amplitude is measured as the rotation with respect to the initial
position (¢p=¢o— @) in both directions. The orientation of bars BC and CD, with respect to
the positive x-axis can be written as a function of the generalized coordinate and known
geometry:

—Ro sin g + rosin g,y + Ry sin ocp ()
—Rycos ¢ + rocos g, + Ry cos pp(9)

Rosing —rosingap\ BD*(p) + 4R, — L?
Rycos g — rocos g, 4R,-BD(p)

Ppc(9) = arctan{
27

ocplp) = arctan(

where Ry, R;, and r, are the half-lengths of blocks AB, BC, and AD, respectively (Figure 4).
The angular velocities are then derived from the pertinent rotations by differentiating with
respect to time:

0 0
ouclo§) =5 =Fuclo)b, benlpp) =526 =Tenlo) @8)

where ¢ is the angular velocity of member AB, and the functions fgc and fcp express the rate
of change of the rotations ¢z and ¢cp with respect to . Therefore:

g a2517Bc ¢ 82€IJCD
fBC(go) = 8(02 ) fCD(¢) = 8(02 (29)

5.1.2. Equation of motion. The potential energy of the three-block mechanism can be expressed as

V= g[(mAB —+ ngc)RO sin(p -+ mpcrtpc sin(goBC + l//BC) —+ mCD(ZH — 2H1 + Rl SiIl(DCD)] (30)

where my g, mpc, and mcp are the masses of blocks AB, BC, and CD, respectively. The kinetic energy
can be expressed as

1 1 1
T = EIABCZ')Z + EIBC(ch(ﬁﬂ)'(b)z + EICD(fCD((p)'(/))Z
(31)

1
+5msc [(2R0)2 + 4Rorpc cos(p — ¢pc — ¥pe) Bc(ﬁo)} ¢
where 1,5 is the mass moment of inertia of AB with respect to the pivot point A, and Iz and Ip are the
equivalent quantities for members BC and CD.
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The equation of motion is derived from Lagrange’s equation (7) and takes the form of Eq. (8), where

Ins + Isc(f5c(9)) + Ien(fop(0))’+
Inl(¢’> =

mpc4Ro[Ro + rpc cos(9p — ope — Wpe) fac(9)]
1(0) { Iscfic(0)f e (@) + e fep(@) fep(@) + 2chRoVBC[COS(¢ — 9pc — W) Fpc(9) }
nl - -

—sin(¢p — opc — wpc)(1 = fpc(@))f5c(9)]
Gu(p) = —{(map + 2mpc)Ro cos ¢ + mpcrpe cos(@pe + Wac) fac (@) + mepRi cos pep fep(9)}

B {mw&ﬁm¢+meﬁmMm@ﬂﬂm@) }
ni\@) =
+mpc[2Ro sin ¢ + rpe sin[pge (@) + vpcl fpe(9)]
(32)

5.1.3. Essential rocking parameters. The minimum ground acceleration required to initiate rocking
assumes different values for positive and negative rocking rotations. Applying Eq. (10) for the two
rocking mechanisms in Figure 4 yields

bmAB—l— [li —%(I—Hil)}mgc—FHilmcD

.. H
;{:ug,mini H,
8 H mAB+2|:%(lin])+1i|ch+mCD

(33)

where the positive sign corresponds to positive rotations, while the negative sign to negative rotations.
The critical rotation can be found using Eq. (9), which takes the following form:

maB . mcp .
( + 2> Sln[(pCD((ocr) - ¢BC(¢cr)] COS @ + Sln[(pcr - ¢BC(¢(‘r)] COSPcp ((ocr)
mpc mpc 34)

2b 2h . .
+ |:COS¢BC(¢cr) <1if) - ISln (pBC((pcr) Sln[(pcr - (pCD((pcr)] =0

where again the positive sign corresponds to positive rotations, while the negative sign to negative
rotations. The critical rotation can then be determined numerically.

5.1.4. Symmetric frame. Equations (27)—(34) also describe the behavior of the symmetric rocking
frame (Table I), for which QBCIO, (DCD:H, IO:IAB:ICDvR:R():Rl’ and Mm=mupp=mMcp. In
particular, the equation of motion (8) simplifies to

(Io + 2mpcR?) = —(m + mpc)R (g cosp — it sing ) (35)

Using Eq. (33), the uplift parameter becomes

P ligmin _ b map+2mpc+mep

= = tana (36)
8 H map + 2mpc + mcp
Using Eq. (34), the critical rotation is simply
T T T
(ocr:E :>¢cr:¢0_¢cr:<§+a)_§:¢cr:a (37)
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Hence, Eqs. (35)—(37) verify the direct equivalence between the symmetric rocking frame and a
rocking block, as previously identified [32]. However, because of the different kinematics of the
asymmetric frame, this direct equivalence is lost.

5.1.5. Linearized equation of motion. Using the approach outlined in Section 3, the equation of
motion can be linearized about the point of (unstable) equilibrium using Eq. (11), written in the
form of Eq. (12), in which

eqg =

{ Iap + IBCfBC(gDcr)2 + ICDfCD(¢CI‘)2+ }
mBC4R0 [RO + rpc COS(¢cr - ¢)BC((/)cr) - l//BC)fBC(wcr)]

myc rsc | 008(0pc(90r) + Vac) Fac(0er) = Sin(0ac(90r) + Vi) (fc(00))’]
Goy = —

mcoRs | 05(9en(9e) Fen(Ber) = 500 90)) (fep(9er))| = (mas + 2msc)Ro sin,
B — { mABRO Sin(/’cr + mCDRl Sin((oCD(qpcr))fCD(wcr) }
eq —

+mBC[2R() Sil’l(ﬂcr + rpc Sin(wBC (¢cr) + l//BC) BC(wcr)]
(38)

As a direct consequence of its lack of symmetry, the rocking frame displays a behavior similar to a
nonsymmetric rocking block (e.g. [37-39]); its dynamic (rocking) properties differ with the direction
of rocking motion. Using the substitutions of Eq. (26), Eq. (38) yields the constants that describe the
rocking mechanisms for clockwise (positive) and anticlockwise (negative) rotations.

Figure 5 presents the dynamic parameters of the equivalent block for a large range of geometries of
the asymmetric rocking frame. The left column contains results for a range of geometries with a
relatively square aspect ratio and a relatively slender cross beam, resulting in less error associated
with the linearized uplift parameter. On the other hand, the right column contains results for frames
with a relatively extreme aspect ratio, and a very thick cross beam, so as to purposely induce a
larger error associated with the linearized uplift parameter. The subscripts p and n specify the
rocking direction. For example, @, ,/a= (., — @o,)/tan ~ !(b/H) denotes the critical rocking rotation
in the positive (clockwise) direction scaled over the slenderness of the left column. For H\/H=1, the
frame is symmetric, while as H,/H becomes larger the rocking properties in the two directions differ
more, reflecting the asymmetry of the structure.

Figures 6-8 present the error associated with the proposed methodology similarly to the rocking
wall (Section 4). In particular, Figure 6 presents the error associated with the approximation of p
alone (independent of x), as a function of the rotation angle, the rocking direction, and the
geometry of the frame. Figures 7 and 8 estimate the error associated with x; and x,, respectively,
considering again the time required for the frame to reach the point of overturning under a
constant horizontal ground acceleration of infinite duration (Zoyer, frame)- As a general rule, for
slightly asymmetric frames, the errors introduced by the proposed linearized approach are
acceptable. Frames with higher asymmetry are not considered because the assumption of pure
rocking might be less reasonable.

5.2. The rocking arch

The rocking arch can also be described as a three-block mechanism. Following the formulation of
Oppenheim [40], the arch is assumed to form a mechanism (Figure 9, left) when subjected to
horizontal ground motion. When the arch returns to its initial position, impact occurs, and the
mechanism is assumed to reflect about the vertical line of symmetry (Figure 9, right). Thus, the
structure is in some ways similar to the rocking wall, as the positive and negative rocking
mechanisms are the same. However, the structure also resembles the asymmetric rocking frame, as it
is comprised of a three-block mechanism, for which Coriolis and centrifugal acceleration terms are
present in the equations of motion.

Copyright © 2014 John Wiley & Sons, Ltd. Earthquake Engng Struct. Dyn. 2014; 43:1543-1563
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Figure 5. The dynamic properties of an equivalent rocking block for different geometries and rocking
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5.2.1. Equation of motion and problem formulation. Unlike the asymmetric frame, the arch is
comprised of numerous blocks, so the hinge locations of the three-block mechanism are not
immediately obvious, and could change throughout the motion. As in previous studies [40, 41], it is
assumed that the hinge locations are those of the quasi-static collapse mechanism, and that the
locations of the hinges are assumed fixed once rocking commences. Computational [41] and
experimental [42] results indicate that these assumptions are reasonable and effective. Regardless,
the accuracy of this simplification is extraneous to the current study, which takes the assumed
mechanism as the starting point to investigate dynamic equivalence.

The geometry of the arch is defined by the inclusion angle £, thickness ¢, , centerline radius r, , and
number of blocks n. To remove the effect of the number of blocks, a very large number of blocks were
specified, allowing hinges to form essentially anywhere, and resulting in a minimum uplift parameter
(4) and the corresponding mechanism.

The kinematics of the rocking arch are similar to the asymmetric frame, and the equation of
motion is therefore also described by Eqs. (8) and (32), if the pertinent arch parameters are
substituted for their asymmetric frame counterparts. Similarly, the critical rotation angle (¢,,) and
the uplift parameter (1) can be found using Egs. (9) and (10), respectively. For the arch, the hinge
locations are dependent on the geometry (¢,, r,, f) and are determined numerically, and Egs. (8)
and (9) are solved numerically as well.

Likewise, the linearized equation of motion about the point of unstable equilibrium is again
described by Eq. (12), where

IAB + ICDfCD((”cr)2 + IBCfBC((pcr)z—’_

Iy =
muc|AB|[|AB| + 27sc c0s(0, = 0pc(9er) = ) Fic(00r)|
COS((pBC(gocr) + WBC)fI,BC((ocr)
mpgcrpc ,
G —mpcTpe Sin(@pc(9.,) + Wae) Fac(@0) (39)
eq -

menten | €0s(9cp(0er) + Wen) Fen(Per) = sin(0cp(90r) + W) e 0r)|

—magTA SIN(p,, + Yap) — MmpcABsing,,
5 { Maprag Sin(@, + Wap) + meprep sin[ocp(9.,) + wepl fep(@er) }
eq — . .
+mpcrpc Sln[(/)BC((pcr) + l//BclfBC((Dcr) + chAB sSme..,.

The only difference between Eqgs. (38) and (39) is that IABI=2R,,, and that w45 and wp are zero for
the asymmetric frame, while they are nonzero for the arch. Note that 3, r3¢ , and r¢p are the distance
between the hinge and center of mass of the relevant arch segment (Figure 9) and are the equivalent of
Ry, rpc , and R; for the asymmetric frame.

Figure 9. Geometry and symmetric rocking mechanisms of the arch.
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5.2.2. Linearization results. The critical rocking parameters are plotted in Figure 10 for a range of
practical arch geometries. Note that p is affected by the overall scale of the structure, and is
therefore presented in dimensionless form, while ¢, and 4 are already dimensionless. As expected,
increasing the inclusion angle (f) or decreasing the thickness both increase the effective slenderness
of the arch, causing a decrease in ¢, and 1. Further, both of these parameters have a smaller effect on
p, indicating a relatively smaller change in the effective scale of the arch. Figure 10 (bottom right) also
presents the error associated with the uplift acceleration caused by the linearized formulation. Because
of the arch geometry and kinematics, the linearization process causes a larger error in the prediction of
uplift acceleration than for the previous structures considered.

Figures 11-13 present the error associated with the proposed methodology similarly to previous
sections. In particular, Figure 11 presents the error associated with the approximation of p alone
(independent of x), as a function of the inclusion angle relative thickness of the arch. Generally,
errors in free rocking period are relatively small, although they increase for less slender arches
(Figure 11, bottom right). Figures 12 and 13 estimate the error associated with x; and x,, respectively,
again considering the time required for the arch to reach the point of overturning (7,,.q.;,) under a
constant horizontal ground acceleration. In general, the errors in overturning time in Figure 12 are
relatively large compared to the equivalent results for previous structures. This is partially explained by
the relatively poor approximation of uplift provided by 4;, for the arch, as shown in Figure 12,
particularly for lower magnitudes of ground acceleration. Use of x, causes a remarkable improvement,
reducing the error considerably (Figure 13).

6. ILLUSTRATIVE EXAMPLES

The preceding sections have presented a simplified approach to predict the approximate response of
complicated rocking mechanisms. The viability of the approach is dependent on acceptable error. In
earthquake engineering, the errors quantified in the previous sections may be acceptable, as larger
uncertainties in ground motion prediction capabilities may exist. This section briefly exemplifies the
utility of the described approach in this context.

6.1. Seismic response

Consider first an arbitrary asymmetric frame subjected to the horizontal ground acceleration time
history in Figure 14 (top), which was recorded at Rinaldi station during the 1994 Northridge
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Figure 10. Essential arch rocking parameters for a range of geometries: #,/r,=0.12-0.20.
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earthquake [43]. The response of the asymmetric frame to the entire earthquake record, using both the
nonlinear and linear formulations in Section 5.1, is shown in Figure 14.

Note that this frame is highly asymmetric, with 4,=0.241 and 4,=0.197, where the subscripts
denote the two rocking directions. The response compares relatively well, indicating the advantage
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Figure 14. Seismic response of an asymmetric rocking frame: Northridge-Rinaldi earthquake ground motion
and frame geometry (top), rocking response (bottom).

of the linearized approach. In this case, the earthquake contains a primary acceleration impulse,
highlighted as a single period sine pulse. The response of the frame to this sine pulse alone is also
plotted in Figure 14 bottom, and the dominance of the pulse is evident.
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6.2. Response to pulse-type excitations

Several studies have considered the rocking response to pulses described as simple trigonometric
functions (e.g. [15, 16]) and have demonstrated why rocking structures are particularly vulnerable to
pulse-type earthquakes. The equivalences derived in the preceding sections, combined with the use
of dimensionless variables, are particularly advantageous for this type of loading. In light of the
derivations herein, the dimensionless groups defined in [16] can be slightly modified, yielding

¢
ber

where a, and w, are the amplitude and circular frequency of the acceleration pulse, respectively, and
6., and A have replaced « in the similar equation in [16]. The use of either 4;, or 1 in Eq. (40)
corresponds to a scaling parameter of x; or x,, respectively.

Using the dimensionless groups in equation Eq. (40), the maximum response to a sinusoidal impulse

can be directly calculated [16]:
%:1—«/1—;72(1—%) 41)

f(%,;’—j,pn n) =f(w,a,7,7) (40)

where:

w? +

2
Dz; = (L]) {002 — 242 14+ (‘ /a2 — 1 + w)aef(ansin’](l/a))/w 42)
+(,/a2 — 1= co)ae(z”* sinl(l/a))/a)}

Thus, Eqgs. (41) and (42) can be used to directly approximate the maximum response of any structure
with equivalence to the symmetric block. For some geometries, these equations are less accurate, and
response spectra plots can instead be employed. A similar approach is possible for the asymmetric frame,
although alternate equations and spectra, derived using asymmetric blocks, would be required.
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Figure 15. Comparison of pulse-type ground motions to which different structures are equivalently vulnerable.
Responses are calculated using the relevant nonlinear equations of motion.
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Alternatively, the response of frames with relatively small asymmetry could be approximated by
averaging the rocking parameters in the two directions.

The dimensionless groups mentioned earlier are also useful to characterize the relative vulnerability of
a variety of completely different structures to pulse-type ground motions. For example, consider the four
structures shown in Figure 15. When subjected to the corresponding impulses shown, these structures
have very different dimensional responses, but very similar nonlinear dimensionless responses
(identical for the block and symmetric frame), and identical linearized dimensionless responses (not
shown). Thus, these structures are (approximately) equivalently vulnerable to the impulses shown.

7. CONCLUSIONS

This study considers approximate equivalence between three types of SDOF rocking structures, which are
extremely common mechanical systems: single block mechanisms (Section 2), two-block mechanisms
(Section 4), and three-block mechanisms (Section 5). Importantly, this equivalence is considered for
structures which can only sustain relatively small rotations before instability and therefore collapse.

The proposed methodology, which hinges on local linearization of nonlinear equation of motion,
effectively yields the essential rocking parameters required to derive approximate equivalence with
the rocking block. The error associated with linearization has been quantified and is affected by
both the geometry and the kinematics of the mechanism. For cases where larger linearization
errors occur, an alternate linearization approximation, which preserves the actual uplift
acceleration of the nonlinear system, is proposed. For the masonry arch, this alternate procedure
effectively reduces the error.

The level of acceptable error is application dependent. However, for many applications in the field
of earthquake engineering, the order of magnitude of the errors found herein may be acceptable in
comparison to relatively large uncertainties associated with ground motion prediction.
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