
IDEALIZED RIGID BLOCK SYSTEMS

• Considers a system of two stacked freestanding structures

• Freestanding structures, such as these, are idealized as rigid blocks

• Figure illustrates primary properties of idealized rigid block

TEST SETUP

• Tests conducted on uniaxial shake table

• Top-body: geometrically-variable, stiff tower

• Four total configurations 

(Symmetric and Eccentric)

• Squatter, Smaller Series (H ≈ 0.8 m)

• SS: (p ≈ 2.6; θc1 ≈ 26°; θc1/θc2 ≈ 1)

• SE: (p ≈ 2.6; θc1 ≈ 17°; θc1/θc2 ≈ 0.5)

• Taller, Larger Series (H ≈ 1.5 m)

• TS: (p ≈ 2.1; θc1 ≈ 13°; θc1/θc2 ≈ 1)

• TE: (p ≈ 2.1; θc1 ≈ 9°; θc1/θc2 ≈ 0.5)

• Marble interface between bodies

• Bottom-body: small, squat pedestal 

• Marble or low-friction interface at base

• System is free to rock and slide

LOW-FRICTION SLIDING ISOLATORS

• Isolation system beneath pedestal 

only

• Smooth, flat, low-friction interface

• Polymer-coated plate atop 

corrugated steel plate

• Bottom plate fixed to shake table

• Top plate is unattached

• Pull tests yield friction coefficient

• µ ≈ 0.14 (virgin)

• µ ≈ 0.21 (damaged)

• Plate replaced before each new 

tower configuration

INPUT MOTIONS

• Total of 7 input motions selected

• Near-field and far-field motions selected

• Freestanding systems are particularly 

susceptible to pulse-like motions 

• Motions from PEER-NGA and COSMOS

• Motion (1999 Duzce, Bolu) modified to 

extract pulse and transient content
• All motions scaled to induce rigid body

motion of the system

INSTRUMENTATION

• String potentiometers for 3D 

response of system

• Additional HD DSLR cameras and 

GOPRO cameras

• Three primary modes of tower and 

pedestal:

Rocking, Sliding, and Twisting

• For simplicity, rocking is normalized 

by slenderness:

𝜙 =  𝜃𝑥𝑧 𝜃𝑐

Additional Information on Specimens and Program can be found in:
Wittich CE, Hutchinson TC. Shake table tests of stiff, unattached, asymmetric structures. Earthquake Engng Struct. Dyn. 2015; in press. DOI: 10.1002/eqe.2589.

SHAKE TABLE TEST PROGRAM

• Characteristic length (Lc)  is a ground motion

intensity measure indicative of pulse content:

𝐿𝑐 = 𝑇𝑚 ∙ 𝑃𝐺𝑉

𝐿𝑐 = 𝑚𝑒𝑎𝑛 𝑝𝑒𝑟𝑖𝑜𝑑 ∙ 𝑝𝑒𝑎𝑘 𝑔𝑟𝑜𝑢𝑛𝑑 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦

• Experimental data shows:

• Marble:    Lc ↑, tower rocking (𝜙t) ↑

• Isolated:   Lc ↑, tower rocking (𝜙t) ↓

for certain configurations (i.e. SE)

• In addition to tower rocking, Lc is correlated 

with pedestal sliding

• Lc ↑, pedestal/isolator sliding (Δt
x) ↑

• Therefore, isolation is more effective for

motions with larger values of Lc

Lc ↑, 
max(𝜙𝑡,𝑖𝑠𝑜𝑙𝑎𝑡𝑒𝑑)

max(𝜙𝑡,𝑚𝑎𝑟𝑏𝑙𝑒)
< 1

DATA SYNTHESIS

RESULTS

This section summarizes results of the shake table campaign in terms of the pedestal acceleration,
pedestal sliding, and the rocking of the tower for a handful of configuration-motion pairs. The
response of the isolated system is overlaid on that of the higher-friction marble system.

Squatter, Eccentric Tower (SE: p ≈ 2.6; θc1 ≈ 17°; θc1/θc2 ≈ 0.5)

• Pedestal acceleration is reduced when atop the isolator 

• Level corresponds to the coefficient of friction

max  𝑥𝑝 units of g = 𝜇𝑘
• Correspondingly, the sliding displacement of pedestal increases 

markedly atop the isolator compared to that atop the marble

• Rocking of tower atop marble pedestal approaches 0.6 θc

• Tower atop the isolated-pedestal does not exhibit any 

significant rocking behavior

Taller, Eccentric Tower (TE: p ≈ 2.1; θc1 ≈ 9°; θc1/θc2 ≈ 0.5)

• Pedestal acceleration is similarly reduced atop the isolator 

• However, pedestal sliding is not as drastically increased, due to:

• Ground motion effects (details below)

• Increased frictional resistance due to surface wear

• Significant rocking of tower for both configurations 

(marble and isolator interfaces)

• Very slender tower (insufficient acceleration reduction)

θc ≈ 0.16 radians, and, µ ≈ 0.14 – 0.21 

Atypical Results: Taller, Eccentric Tower (TE: p ≈ 2.1; θc1 ≈ 9°; θc1/θc2 ≈ 0.5)

• As expected, pedestal acceleration is reduced atop the isolator

• Similarly, pedestal slides considerably atop the isolator

• The tower rocks significantly and overturns when on both the 

isolated and marble pedestals

• Very slender tower (insufficient acceleration reduction)

• The isolated pedestal transfers the long-period pulse content 

of the input motion similarly to the marble pedestal – pulse 

is particularly detrimental to freestanding systems
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ABSTRACT

Systems of freestanding structures are highly vulnerable to damage and failure during an earthquake,
as evidenced following numerous past events. This structural system encompasses a wide range of
objects and systems such as the statue-pedestal system, classical multi-drum columns, and
unreinforced masonry walls. Many of these systems contain high-friction interfaces and slender
geometry which lead to rocking modes and possible overturning when subject to seismic excitation.
In order to better understand the mechanical behavior of the multi-body system in its natural
configuration as well as with low-friction sliding isolation, an extensive shake table testing campaign
was conducted. The fully three-dimensional responses of both specimens of a dual-body system were
recorded for the duration of numerous input motions. While the response was highly dependent
upon geometric variations, the low-friction sliding plate system reduced the observations of
overturning, in most cases. Furthermore, strong pulse content of a motion is shown to be indicative of
sliding in the isolated configuration as well as overturning in the natural configuration.

CONCLUSIONS

• Characteristic length (Lc) is a measure of an earthquake’s pulse content

• Motions with larger Lc tend to induce greater rocking and sliding in freestanding structures

• As such, there is increased sliding (energy dissipation) of the isolators during these motions

• However, these motions can still be quite detrimental to freestanding systems (overturning)

due to the transfer of long-period content to the upper bodies

m = mass I = mass moment of inertia

θc = slenderness (critical angle) H = height to the center of mass

R = rocking radius p = frequency (size) parameter
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