ROCKING RESPONSE OF SLENDER FREESTANDING BUILDING CONTENTS



ROCKING RESPONSE OF SLENDER FREESTANDING BUILDING
CONTENTS IN FIXED-BASE AND BASE-ISOLATED BUILDINGS

By SCOTT LINDE, B.Eng.

A Thesis Submitted to the School of Graduate Studies in Partial Fulfilment of the
Requirements for the Degree of Master of Applied Science

McMaster University © Copyright by Scott Linde, August 2016



Master of Applied Science (2016) McMaster University

(Civil Engineering) Hamilton, Ontario, Canada

TITLE: Rocking Response of Slender Freestanding Building
Contents in Fixed-Base and Base-Isolated Buildings

AUTHOR: Scott Linde

SUPERVISORS: Dr. Dimitrios Konstantinidis, Dr. Michael Tait

NUMBER OF PAGES: 123 pages (xvii, 106)

1



Lay Summary

During an earthquake slender building contents respond by rocking about their edges.
Rocking causes damage to sensitive and brittle objects as well as safety hazards if it
results in the overturning of heavy objects. One goal of this study was to define the
rocking response of rigid contents in a conventional braced frame hospital. In general,
larger and stockier objects were less likely to overturn. Also, overturning was more
prevalent higher up in the building while the location of an object within a given story
had little effect. Another objective was to determine the effectiveness of base isolation, a
technique that decouples the motion of the building from the ground using flexible
bearings, as a strategy to protect contents that are vulnerable to rocking during an
earthquake. This was found to be quite effective at reducing both the occurrence of uplift

(the initiation of rocking) as well as toppling.
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Abstract

The primary seismic response mode of freestanding slender building contents is rocking.
Rocking is one of the most damaging response modes due to large accelerations at impact
and the possibility of toppling. This study investigates the rocking response of contents
within fixed-base and base-isolated buildings so that better-informed decisions can be
made, either at the design stage for new structures or during the performance evaluation
for existing structures, to mitigate the effects of the destructive rocking behaviour and
consequently minimize injury, economic loss, and downtime.

A 3D model of a hospital building was created in OpenSees and analyzed to obtain
floor accelerations for a suite of 20 broadband ground motions. These motions were then
used as input to compute the rocking responses of many building contents. The rocking
responses were compared and contrasted to determine the effect of the block’s size,
slenderness, floor level, and placement within a level. The rocking response of contents in
buildings isolated with lead plug and triple friction pendulum bearings were compared to
the fixed-base building to determine the effectiveness of isolation as a means to control
rocking. Fragility curves were also created for the fixed-base and isolated buildings.

The vertical component of the floor accelerations had little effect on the rocking
response of contents. The significance of this is that the location of an object on a given
story does not affect its rocking response. However, higher vertical accelerations did
increase the likelihood of the object lifting off the floor. The rocking response of stocky
contents increased from one story to the next, but as the slenderness increased this
transition became less evident. Base isolation was found to be effective at reducing both
the likelihood to uplift and overturn. The longer period systems provided superior
protection despite the long period pulse like motion while the damping of the systems had

little effect on the rocking response.
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Chapter 1: Introduction

1.1 Importance of nonstructural components

The majority of injury and overall losses in recent American earthquakes can be
attributed to the damage and failure of nonstructural components [1-5]. Nonstructural
components include anything that is not part of the structural system of the building. This
encompasses everything from architectural, electrical, and plumbing systems to actual
building contents such as furniture, fixtures and equipment. The failure of these
components can be a significant safety hazard during an earthquake. Life safety hazards
include damage of life-safety systems like fire protection piping and falling debris such as
light fixtures and cladding [1]. Not only is it important to consider the seismic design of
nonstructural components from a health perspective, it can also lead to significant savings
[6]. Nonstructural components typically comprise at least 80-90% of the total value of a
building and will experience damage at lower earthquake intensities than the structural
system [7, 8]. Continued functionality is paramount for post-disaster buildings such as
hospitals, fire stations, and government buildings. In recent earthquakes, including the
2001 Nisqually and 2010 Chile earthquakes, the failure of nonstructural components was
the cause for loss of functionality in many of these critical facilities [9-13]. Despite this,
the majority of seismic design research over the years has been on improving the
performance of structural systems. While structural integrity is imperative for life safety,
the performance of nonstructural components plays an equally important role in
successful performance-based earthquake engineering. One of the reasons that this area
has received a lower level of attention is the difficulty associated with predicting the
response of nonstructural components. This is especially true for building contents, for
which even the location of the object may be unknown or subject to change.

During an earthquake a content such as a piece of equipment can slide, rock,
overturn, jump, and twist, or likely a combination of these responses. It is essential to
first understand the response of these contents so that they can be properly designed.
Slender rigid contents such as shelves, filing cabinets, emergency generators, and

equipment typically respond by rocking about their edges. This dissertation focuses

1
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exclusively on documenting the rocking response of rigid contents within archetypal
buildings. Rocking is one of the most damaging response modes that a building content
can undergo due to large accelerations at impact and the potential for overturning [14],
both of which can cause severe damage or loss of functionality [1]. Toppling of large
rigid contents such as fridges and storage racks can also pose a significant health risk to
occupants [1]. Figure 1-1 and Figure 1-2 show overturned bookshelves and computer

equipment from the 2001 Nisqually earthquake.

Figure 1-2. Overturned computer equipment [16]
1.2 General review of the rocking response

1.2.1 Introduction
Ever since Housner published his seminal paper in 1963 on the dynamic rocking response
of rigid blocks [17], the topic of rocking has received considerable attention. Many

studies have been devoted to understanding the rocking response, perhaps intrigued by
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the apparent simplicity of a problem with such complex behavior. Generally the blocks
are subjected to trigonometric pulse-type or strong ground motion excitations for the
purpose of determining the response of objects like classical columns [e.g. 18], electrical
equipment [e.g. 19], or statues [e.g. 20] with a strong emphasis placed on the ability to
predict uplift and overturning. A probabilistic approach is usually appropriate since the
rocking system is both time dependant and extremely sensitive to small changes in its

input parameters [21- 23].

1.2.2 Criterion for the initiation of rocking

By considering only in-plane motion, Shenton [24] identified criteria for the possible
modes of response of a freestanding rigid object (slide, rock, and slide-rock) and derived
initiation criteria for each. Sliding occurs when the horizontal inertial force exceeds the
frictional force at the base of the content as shown in Equation (1.1). Rocking is initiated
when the sum of the moments about one of the block’s corners due to the horizontal
inertial force exceeds the restoring moment due to its weight, given that there is a
sufficient frictional force to prevent sliding. The horizontal acceleration needed to satisfy
this condition is given in Equation (1.2).

07

>u, (g +U7) (1.1)

7

>(g+U7)tana (1.2)
where U and U 7 are the horizontal and vertical floor accelerations respectively, 4 is the

static coefficient of friction, g is the gravitational constant, and « is the slenderness as
shown in Figure 1-3. Note that uplift is only a function of the base excitation and the
block’s slenderness and therefore independent of size. The static coefficient of friction
necessary for rocking to initiate is shown in Equation (1.3). Equation (1.4) gives the
coefficient of friction needed to maintain pure rocking at every timestep. A derivation of
Equations (1.3) and (1.4) is given in Appendix A. Slide-rock occurs when the static
frictional force is large enough to prevent sliding but too small to sustain rocking. The
presence of vertical motion affects both these coefficients of friction. An upward

acceleration increases the normal force and decreases the required frictional coefficient
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while and downward acceleration does the opposite. In general, the presence of vertical

excitation may or may not increase the likelihood of sliding depending on the phase
relationship between the horizontal and vertical motion.

. 2| ‘U; (5—3cos(2a))+3(U§+g)sin(2a) |

’ ‘3(U} +g)(cos(2a)—1)+3‘lj}‘ sin(2a)+8U7 +8g‘

(1.3)

U, =
U}‘ (5 - 3cos(2(a - |<9|))) - SSgn(G)(U}f + g)sin(2(0c —|6|)) + 85gn(9)R925in(a —|6?|) ‘
‘3(U/y +g)(cos(2(a —|0|)) —1) —3sgn(0)U_;sin(2(a —|<9|)) —8R92cos(a —|<9|)+8l7}7 +8g‘

(1.4)
where 6 is the block’s angle of rotation and R is the distance from the pivot point to the
center of mass as shown in Figure 1-3. It is also typical to assume during rocking analysis
that the block translates laterally with zero angular velocity or rotational energy up until
the point that it uplifts and begins to rock. However, there may be small initial movement
(energy) in the block if either the base or block is not perfectly rigid and square, such as
equipment with one leg slightly shorter than the others. Once rotational energy exists,
even lower amplitude motion than is necessary to initiate rocking can cause resonance

and add energy to the system to build up rocking, even resulting in overturning [25].

1.2.3 Derivation of rocking equation of motion
Since the equations of motions governing the rocking motion are central to this study a
derivation of them was deemed appropriate. The kinetics equation for a rigid body
rotating on a plane about a fixed point is given by

M, = 1,0 +pxma, (1.5)
where My is the sum of the moments about the fixed point O, Iy is the moment of inertia
of the rigid body about O, @ is the angular acceleration, P is a vector from O to the center
of mass, m is the mass, and a, is the acceleration at O. For a rectangular block, the

moment of inertia about the corner is:

1, =§mR2 (1.6)
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Figure 1-3. Rocking rigid block

For rocking of a rigid content such as shown in Figure 1-3 about its fixed corner O’

(6> 0) Equation (1.5) becomes,
Rsm(e_a)Exx(_ngy)=_§mRZ(9'EZ +(Rsin(0—a)E, +Reos(0—a)E,
xm(UE, +UE,)
(1.6)

where E,, E,, and E, are the unit vectors which constitute the standard basis in Euclidean

space. Solving the cross products and rearranging,

—-mgRsin(6-a)E, =—%mRzéEz +m(Rsin(6?—a)Ug —Rcos(@—a)U;)Ez (1.7)
o,

924; ((g+U§)Rsin(@—a)—U;Rcos(Q—a)) (1.8)

2

Substituting in the frequency parameter,

3g
=== 1.9
=R (1.9)
the equation of motion is obtained,
49:—pz((1+—g]sin(a—49)+—gcos(a—t9)J (1.10)
g g

For rocking about the other corner O (8 < 0) the same process can be applied to derive,
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g g

é:—p2Hl+U—gyjsin(—t9—a)+U—;cos(—6?—a)] (1.11)

These can be combined to form the regular equation of motion given in Equation (1.12).

0 =-p* ((1+%]sin(sgn(9)a—9)+U?;cos(sgn(0)a—6)] (1.12)
1.2.4 Frequency dependence on rocking amplitude

The frequency parameter, p, defined in Equation (1.9) is a not a direct measure of the
natural frequency of a rocking block. It is about 2.7 rad/s for a refrigerator (R = 1 m) and
about 5.4 rad/s for a desktop computer (R = 0.25 m). The frequency parameter is fixed
for a given block even though the period of rocking is strongly dependant on the rocking
amplitude. Housner [17] gave the period of free vibration, 7, for an undamped block

released from an initial angle 6, as

Tzicoshl( ! ] (1.13)

It is evident that an object with a larger frequency parameter will undergo shorter period
oscillations when released from the same normalized initial rotation. Another way to
visualize this is that p is the pendulum frequency of the block as if it were hanging by its

rocking point [26].

1.2.5 Coefficient of restitution

The block is assumed to instantaneously transfer smoothly from rocking about one toe to
the other. In order for this to occur, the angular momentum of the block directly before
and after the impact must be conserved. For this to happen, the impact must be plastic,
i.e., the block must lose energy every time it rocks. Energy is removed from the rocking
system using the classical concept of a coefficient of restitution, e. This coefficient is a
measure of the kinetic energy retained in the system after impact and is defined as the

ratio of angular velocities immediately before and after impact

e=-L (1.14)
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The maximum coefficient of restitution possible for which a block will undergo smooth

rocking is given by [17]
3.,
eZI—Esm o (1.15)

From this equation it is evident that stockier blocks, higher a, must lose more energy at
each impact, i.e. have higher impact damping. Generally, using a smaller coefficient of
restitution will result in a decrease in the rocking response. However, for a single record
even a small change in the coefficient of restitution can cause a large increase or decrease

in the rocking response [21, 27, 28].

1.2.6 General assumptions

Some common simplifications are usually made when studying the rocking motion of
individual objects. Typically the rocking contents under consideration are assumed to be
completely rigid which was shown to be accurate by Konstantinidis and Makris [29] for
large laboratory equipment typically found in life science laboratories. Another limitation
on most studies is that they only consider the rocking response of the object in a vertical
plane subject to horizontal excitation only. The few studies that have analysed this
problem in 3D, with varying levels of success, have noted that planar rocking is not
always an accurate assumption even when only considering unidirectional excitation [30
— 33]. Another assumption that is generally made for the sake of generic results is that the
rocking blocks under consideration are horizontally symmetric, that is, the center of mass
is halfway between the rocking corners. The several studies that have examined non-
symmetric blocks have shown that they are more prone to overturning than a similar

symmetric block, though it depends on the excitation and dimensions [34 — 38].
1.3 Rocking response of objects on an isolated base

The most common method to prevent rocking is anchoring. However, some objects which
are susceptible to rocking cannot be anchored because they are brittle and would break
under the seismic forces or because anchoring would damage the content. In other cases,
objects need to be mobile within a facility and therefore anchoring them inhibits their

functionality [39]. In this case, base isolation of the individual object is the most popular

7
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passive control technique used to mitigate the damaging effects of rocking. Research in
this area has been mainly for protecting individual statues and art objects that have
cultural significance and inestimable value [40 — 42]. The idea is that the isolation system
is able to decouple the object from the motion of the ground or floor so that in an
earthquake the object will experience lower seismic intensity levels and undergo smaller
rotations, or perhaps not uplift at all. One of the ways that rocking on an isolated base
differs from rocking at ground level is that the mass and motion of the base must be taken
into account in the equations of motion. This modifies the energy in the system so that
there is a jump in the velocity of the base and it becomes possible for the block to cease
rocking at impact instead of rotating to the other toe [18]. The maximum coefficient of
restitution is also smaller [41]. Chiozzi et al. [41] examined the response of monolithic
pinnacles atop the masonry city gate in Ferrara, Italy. They used a FEM of the gate and
concluded that the double concave curved steel sliders under consideration were effective
at preventing rocking of the pinnacles under design earthquake level motions. Vestroni
and Di Cintio [20] found multi-stage high damping laminated rubber bearings were
successful at reducing the accelerations felt by statues and preventing rocking. A similar
study done by Calio and Marletta [42] concluded that viscous elastic isolation systems
were effective at protecting art objects under impulsive base accelerations. Contento and
Di Egidio [43] also investigated the benefits of base isolation using visco-elastic isolators
for impulsive and seismic base excitations. They found that increasing the isolator period
or damping increased the amplitude of the impulse needed for overturning, but decreased
the difference between amplitude needed for uplift and overturning. Perhaps the most
comprehensive study on the analysis of rigid blocks rocking on an isolated base was done
by Vassiliou and Makris [18]. They used viscoelastic bearings and single and double
concave sliding bearings and Ricker wavelet excitation. They concluded that while
isolation increases the minimum ground acceleration required to cause overturning, it also
depreciates from the property of blocks to remain more stable as the frequency of the
record increases or the blocks get larger. For this reason large objects subjected to pulses

with @p.us/p > 6 had superior stability when not isolated.
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1.4 Overturning criterion

Another area that has received a lot of attention for obvious reasons is the development of
equations to predict whether or not a rigid object will overturn given a base acceleration
time history. Kirkpatrick was the first to investigate this problem and derived Equation
(1.16) using small angle approximations for predicting the minimum amplitude, a, of a

half sin wave acceleration pulse with period 7, that would topple a rigid block [44].

2
1
a=gao,|l+—2 (ﬁj (1.16)

mgR\ T,

Later, Housner [17] examined the response of a rocking block subjected to a series of
impulses arranged so that the velocity time history is incrementally +£Av. This represents
an idealized earthquake with a constant undamped velocity response spectrum. He
equated the average energy built up during the record to the energy required to overturn
the block. Equation (1.17) gives the slenderness for which 50% of the blocks will

overturn given N pulses.

a= — (av)JIN (1.17)

These equations have since been shown to be unconservative and inaccurate [2, 19, 45].
However, much work has built upon these pioneering studies towards creating better
predictions of overturning. Typically trigonometric pulse excitation is used in such
studies since they afford a linearization of the equations of motion and can be
representative of near source strong ground motions. Single pulses are used instead of
continuous motion because they usually produce higher responses [46]. Rocking
resonance under continuous harmonic motion is extremely unlikely since the effective
frequency of the block depends on the rocking amplitude such that the motion would need
precise time-varying frequency [26].

Some of these studies have been conducted to determine the maximum height of a
block that will not overturn for a given base width and excitation. This technique allows

designers to estimate an object’s vulnerability and determine the need for anchoring.
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Ishiyama [47, 48] proposed minimum level accelerations and velocities that are needed

for overturning for a rigid block under harmonic motion
b (bY].
h = max Zg,C1 7 ;C,=0.2133 (1.18)

where 4 is the peak acceleration, V' is the peak velocity, and b and /4 are half the block’s
width and height, respectively. Psycharis et al. [49] improved on this, arriving at

1.053 1.263 1053
h= b(ﬁj (ﬁj (020+1.30r~1.217%)" (1.19)
A p

where 7 is the coefficient of restitution squared, » = e”, and w is the harmonic frequency.
Recently Arredondo and E. Reinoso [46] revisited this problem and modified Ishiyama’s

model into Equation (1.20) for a rigid block under a variable amplitude sine pulse.
b, (bY
h = max Zg; erg 7 ; B, =0.519In(w)+0.329 (1.20)

They subsequently used this equation to predict overturning during free field strong
ground motions. The frequency of the record was taken as the break point between the
constant acceleration and velocity regions on the velocity spectrum. The equation
produced mostly good results although it tended to be conservative.

Two distinct modes of overturning were documented by Zhang and Makris [50]
corresponding to toppling without impact and toppling after exhibiting one or more
impacts. Consequently, for sinusoidal pulses, a range of acceleration ampli