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(ABSTRACT)

Structures built next to each other in congested cities are likely to pound on each other
during strong ground shaking caused by earthquakes. The main objective of this study is
to examine the problem of mutual structural pounding to identify its effect on structures
and then propose solutions to mitigate its effects. Mutual pounding of structural systems
with varying mass, stiffness, and seismic joint gaps, subjected to several different input
motions are examined. To evaluate the effects of pounding, the numerical results with and
without pounding have been considered. The resilience between two impacting masses is
represented by linear springs and also nonlinear Hertz model contact stiffness. Pounding
causes a large increase in the shear force in the stories higher than the top pounding story,
a large increase in the accelerations of the pounding floors and also large overturning effects
on both structures. The parametric study of pounding of structures in series showed that
in most cases the corner structures are penalized more than the interior structures. The
study of the effect of foundation flexibility on the structural pounding response showed that
a proper consideration of this parameter must be included in the analysis.

To alleviate the pounding effects to avoid damage to structural elements and supported
secondary equipment, it was found necessary to join the structures by rigid links and brace
all the stories of at least the taller structure. Joining of the floors is required to reduce
the excessive floor accelerations caused by impact, whereas the story bracings are required
to reduce the excessive story shears or bending moments in the higher stories caused by
pounding of the lower floors. It is observed that except for very soft soils, the proposed
pounding mitigation scheme will increase the shear force transmitted to the foundation,
thus requiring a strengthening of the foundation as well. Since the forces in the rigid

links connecting the two structures were observed to be reasonable, the joining of the two



structures does not pose any special problem; it can be easily accomplished by using large-
size steel rods hooked properly with both structures. In the case of column pounding where
the floors of one structure pound on the columns of the other structure, the pounding
mitigation strategy is to provide K-bracings on all pounding columns and diagonal bracing
in the other stories to reduce high bending moment in the column, and to rigidly join them

to avoid high pounding acceleration.
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Chapter 1
INTRODUCTION

Because of pressure on land, buildings in large cities are often constructed next to
each other with no or small clearance between them. When the dynamic characteristics of
such closely spaced buildings are different, their motions during an earthquake will usually
not be in phase. If the clearance between such buildings is not adequate, they are likely
to collide during an earthquake. Such collisions are commonly referred to as “mutual
pounding”. Indeed, such mutual poundings have been reported in several past earthquakes
(3, 4, 5, 27, 37, 38].

The pounding can cause local as well as overall failure of pounding structures. The
post-earthquake analytical investigation of the failure of a stair tower, warehouse and other
structures at Olive View Hospital [23] confirmed that pounding during the San Fernando
Farthquake did, indeed, contribute to damage and failure of these structures. Although no
other confirmatory analytical studies have been reported, several other damages observed
in past earthquakes have been attributed to pounding. Widespread occurrences of mutual
poundings, causing severe building damages and even collapses, have been reported in the
1985 Mexico City Earthquake [5, 14] and in the more recent 1989 Loma Prieta Earthquake
[3].

The structural pounding is a vibro-impact problem. This problem is commonly encoun-
tered in machines and mechanical equipment and as such it has been of significant interest
to mechanical engineers for some time now. The literature [9, 10, 12, 13, 22, 30, 31, 34, 39,
40, 44] on this subject which includes books [11, 21] is fairly rich. In the study of mechanical
vibro-impact problems, the primary interest is in reducing the wear and tear and noise level,

whereas in structural engineering the motivation to study seismic pounding problem is to



lessen its local and overall damaging effects on civil structures.

The easiest approach to eliminate pounding is to provide enough clearance between
the pounding structures. However, for existing structures, it is not possible to change the
clearance. In such cases, it is of interest to study this problem to understand and ascertain
the effect of impact and propose impact mitigating schemes. This is the main objective of
this study.

The fact that pounding can indeed occur has prompted a few investigators to study the
behavior of single-degree-of-freedom impacting structures subjected to base motions. Miller
[28] has investigated the problem of vibro-impact of two single-degree-of-freedom structures
subjected to harmonic base motion with single-impact-per-cycle oscillations. The impact
effects and loss of energy were included through the coefficient of restitution. For the case of
a harmonic input and single-impact-per-cycle, the exact solution of the equations of motion
was obtained. Parametric studies were conducted to examine the effect of the excitation
frequency and amplitude, gap size and coefficient of restitution. The results indicate that
if the coeflicient of restitution between the impacting bodies is small, a beneficial energy
dissipation can occur, thereby leading to a reduction in the overall response. This however,
need not be the case all the time, as reported in another investigation [45, 46].

A significant study on this topic was conducted by Wolf and Skrikerud in 1979 [45]
and reported in a rather extensive form in 1980 [46]. This study examined a single-degree-
of-freedom system impacting stiff boundaries on one and both sides (asymmetrical and
symmetrical impacts), subjected to harmonic as well as transient base motion. The im-
pacting surfaces were modeled by stiff springs acting in parallel with the oscillator spring.
Thus the entire system was assumed to have a hardening bilinear spring. The energy dis-
sipation during impact was included by providing viscous dashpots with damping factors
related to the coefficient of restitution through an exponential relationship, well-known in
vibro-impact studies [13]. The study identified subharmonic and hyperharmonic response
characteristics along with the “break even” frequency below which the response of impacting

system is lower than that of the nonimpacting system. An analysis of the impact between



the multi-degree-of-freedom reactor building and adjacent auxiliary building, modeled as
a single-degree-of-freedom mass-spring system, was also conducted to ascertain the forces
induced by a possible impact. For this specific problem it was concluded that impact was
not a problem with regard to the safety of the reactor building, and it only caused local
effects. The analyses were also carried out to see what effect a spring placed between the
two impacting structures would have on the response. It was observed that the use of a
precompressed spring between the structures reduced the high-frequency response as well
as the acceleration induced in the structures.

In a study by Davis 8], pounding was modeled by a single- degree-of-freedom oscillator
which may impact against either a stationary or moving neiboring barrier and subjected
to harmonic excitation. Non-linear Hertzian contact law is incorporated to present the
impact stiffness. The spectra of impact velocity versus excitation period for a range of
model parameters show a strong peak near a period equal to one-half the natural period of
a similar non-impacting oscillator. Bands of response in which periodic multiple impacts
and non-periodic or chaotic impacts occur are found.

Another study which has considered impact in the collapse of buildings is by Wada
et al. [41]. Simple single-degree-of-freedom models of impacting buildings with stiffnesses
characterized by elasto-plastic rotational springs at the base were considered to investigate
the effect of gravity on collapse. For this assumed model, the study showed that gravity
effects can, indeed, aggravate the situation leading to a collapse, indicated by very large
displacement response of the masses in the analysis.

In another study, Anagnostopoulos [1] considered a series of single-degree-of-freedom
oscillators representing a set of buildings in a city block. The numerical results have been
reported for four such oscillators impacting with each other. The bilinear force deformation
relationship was used to characterize the stiffness of the structures as well as the impacting
bodies. The parametric studies were conducted in which the clearances between the masses,
yield levels of bilinear stiffness elements and the ratios of the stiffnesses of the outside and

inside oscillators were varied. One conclusion of the study was that the outside or corner



structures in a row of buildings would experience higher levels of deformation than the
inside structures. They are, thus, particularly vulnerable to pounding effects and are more
likely to get damaged than the inside structures. This has also been reported to be the case
in some past earthquakes [37, 38]. In a more recent study [2], Anagnostopoulos basically did
the same parametric investigation [1] but for MDOF structures with the bases supported
on translational and rocking spring-dashpots.

In a rather different context, there have also been studies where impact has been con-
sidered with the primary purpose of reducing the response of structures and equipment by
providing constraints [26]. Such devices have been called impact dampers. In another re-
lated study, Iwan [15] has developed an interesting response spectrum procedure to predict
seismic response of equipment with motion-limiting constraints. The possibility of extend-
ing this approach to predict the response of multi-degree-of-freedom systems with motion
limiting constraints by means of equivalent linear modal analysis has also been briefly men-
tioned [15].

A study of the pounding problem involving MDOF buildings has been reported by
Maison and Kasai [24, 25] and Kasai et al. [19, 20]. In these studies, the pounding responses
of MDOF structures colliding at a fixed level against a rigid obstruction as well as a flexible
structure have been examined. The effect of various problem parameters on the pounding
response has also been reported. Jeng et al. [16] presented a spectral difference method
based on random vibration theory with the assumption of fixed level pounding to estimate
the minimum building separation necessary to avoid seismic pounding.

The problem of multilevel structural pounding between a MDOF structure pounding
against a rigid as well as a MDOF flexible structure has been reported by the writers for
the first time [35].

Jing and Young [17, 18] have studied the random response of vibro-impact systems
subjected to white-noise input. The Hertz’s contact law is used to model the contact
or pounding stiffness. The Fokker-Planck equation is solved for the stationary transition

density function of the response.













































































































































































































































































































































