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Abstract  In this paper the seismic response of inelastic structures with unilateral contact is
revisited with dimensional analysis. All physically realizable contact types are captured via a
non-smooth complementarity approach. The implementation of formal dimensional analysis
leads to a condensed presentation of the response and unveils remarkable order even though
two different types of non-linearity coexist in the response: the boundary non-linearity of
unilateral contact and the inelastic behaviour of the structure itself. It is shown that regardless
the intensity and frequency content of the excitation, all response spectra become self-similar
when expressed in the appropriate dimensionless terms. The proposed approach hinges upon
the notion of the energetic length scale of an excitation which measures the persistence of
ground shaking to impose deformation demands. Using the concept of persistency which is
defined for excitations with or without distinct pulses, the response is scaled via meaningful
novel intensity measures: the dimensionless gap and the dimensionless yield displacement.
The study confirms that contact may have a different effect on the response displacements
of inelastic structures depending on the spectral region. In adjacent inelastic structures, such
as colliding buildings or interacting bridge segments, contact is likely to alter drastically the
excitation frequencies’ at which the system is most vulnerable. Finally, it is shown that the
proposed approach yields maximum response displacements which correlate very well with
the persistency of real earthquakes for a bridge system with considerably complex behaviour.
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Abbreviations

DA Dimensional Analysis

LCP  Linear Complementarity Problem
MSSS Multi-Span Simply-Supported
PGA  Peak Ground Acceleration

SDOF  Single Degree Of Freedom

1 Introduction

This paper derives from a broader study (Dimitrakopoulos et al. 2009a,b; Dimitrakopoulos
et al. 2010; Dimitrakopoulos 2010) on the dynamics of pounding between adjacent structures
due to earthquake shaking. The motivation for the work reported herein, is the need to eluci-
date the earthquake response of the pounding bridge segments. This is attempted by bringing
forward the fundamental physical similarities that govern the response of such multi-para-
metric mechanical systems with the aid of formal dimensional analysis (DA) (Barenblatt
1996; Sedov 1992).

In 1995 Malhotra et al. (1995) presented the recorded seismic response of a bridge with
joints, wherein sharp spikes in the acceleration records from the deck were attributed to
in-deck pounding. Few years later, Malhotra (1998) made an analytical effort to compre-
hend the phenomenon of earthquake-induced pounding in bridges. He concluded that due to
pounding, column forces as well as, the longitudinal separation at in-deck joints are reduced.
His conclusions though, are conflicting those of Jankowski et al. (1998) who studied the
impact of many SDOF oscillators in a row, in an effort to simulate the pounding induced by
propagating seismic waves in multi-span isolated bridges.

Further studies on the impact of bridge segments have been presented by DesRoches
and Muthukumar (2002) who examined the impact response of elastic and inelastic
oscillators including the event of adjacent structures restrained with cables. That study
concludes that when the natural frequency and the excitation frequency are separated the
one-sided impact is accentuated, whereas impact suppresses the response of oscillators at
resonance. At about the same time an analogous study was conducted in Japan by Ruangras-
samee and Kawashima (2001) who considered pounding between two linear SDOF oscil-
lators and proposed the so-called ‘relative displacement response spectrum with pounding
effect’.

Zanardo et al. (2002) considered the spatial variability of the earthquake excitation when
studying the response of bridges with pounding. Saadeghvaziri et al. (2000) took into account
the soil-structure interaction effects on the seismic response of multi-span simply-supported
bridges (MSSS) with pounding phenomena. Dicleli (2008) focused on the ability of elastic
gap devices to enhance the performance of pounding seismically isolated bridges under the
influence of near-fault excitations. Further references on pounding oscillators can be found
in Dimitrakopoulos et al. (2009a,b); Dimitrakopoulos et al. (2010).

The present study builds on the previous work of the authors (Dimitrakopoulos et al.
2009a,b; Dimitrakopoulos et al. 2010) which concerned elastic pounding structures and
extends the proposed dimensional analysis approach to inelastic structures with inelastic
pounding.
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2 Proposed methodology

The methodology presented herein, is rather novel from two different aspects:

(1) In the vast majority of seismic engineering studies impact and contact phenomena are
taken into account via a contact element. Herein, a different approach is adopted that
stems from non-smooth dynamics. All physically feasible unilateral contact configu-
rations (impacts, continuous contacts, and detachments) are mathematically treated as
inequality problems, namely Linear Complementarity Problems (LCPs), according to
multibody dynamics with unilateral contacts in the form presented by Leine et al. (2003).

(ii)) On the other hand, in order to uncover the fundamental physical similarities that describe
the pounding behaviour of bridges, formal dimensional analysis (DA) (Barenblatt 1996;
Sedov 1992) is implemented. DA is a tool of mathematical physics that shapes the
general form of relations that describe physical phenomena. When the behaviour of
pounding structures is described in the dimensionless terms yielded from DA the non-
linear, non-smooth response is liberated from the need to refer to a substitute system
and the remarkable property of self-similarity, a special type of symmetry - invariance
with respect to the intensity and the frequency content of the excitation, is revealed. In
Dimitrakopoulos et al. (2009a,b); Dimitrakopoulos et al. (2010) it was shown that DA
offers a lucid interpretation of the response of elastic pounding oscillators.

2.1 Time and length scales in earthquake records with distinct pulses

The application of the proposed (DA) method hinges upon a distinct time scale (wg) and a
length scale (a g) that characterize the ground shaking and are relevant to structural response.
In records with distinct pulses, such time and length scales emerge naturally from the dis-
tinguishable pulses which dominate a wide class of strong (usually near-field) earthquake
records; they are directly related with the rise time and slip velocity of faulting. The minimum
number of input parameters of such models is two and they have an unambiguous physical
meaning. Herein the acceleration amplitude «, (ag =a p) and duration T (wg = 27/ T))of
the pulse are used. Fig. 1 (top) shows the time history from the 1995 Aegion (Greece) earth-
quake record, as well as the pulse duration T}, and the pulse acceleration o).

2.2 Time and length scales in earthquake records without distinct pulses

In many records, including typical Greek records, there are no distinct pulses (Fig. 1 bottom).
Nevertheless, it is still feasible to apply the proposed (DA) approach provided the appropri-
ate time and length scales are adopted. This is a critical issue of the proposed approach,
which is treated in detail in Dimitrakopoulos et al. (2009a,b). In that study such scales,
together with the associated selection criteria, are proposed among the available in literature
strong ground-motion parameters. These are the peak ground acceleration (¢, = PGA) as
length scale, and the mean period T, (Rathje et al. 1998) as time scale (w; = 27/T),),
where T, = >, (sz / ﬁ)/ > Cl.z, C; are the Fourier amplitudes of the accelerogram and
fi the discrete Fourier transform frequencies between 0.25 and 20Hz. It is recalled here,
that when the focus is on a peak response parameter, it is the frequency content and not the
duration of an excitation that is of interest (see Dimitrakopoulos et al. (2009a,b) and ref-
erences therein). When the response is described in dimensionless terms that hinge upon
those parameters (PGA, T,,), the remarkable order of self-similarity emerges. In addi-
tion, this approach reduces drastically the scatter in the response of some fundamental
mechanical configurations of earthquake engineering (Dimitrakopoulos et al. 2009a,b): the
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Fig. 1 Time and Length Scales in earthquake records with (top) and without (bottom) distinct pulses

elastic-plastic system and the pounding oscillator. Herein the same approach is extended to
inelastic structures with inelastic pounding.

3 Dimensional analysis of an elasto-plastic pounding system

In general, the equation of motion of an inelastic SDOF oscillator, subjected to base excitation
and taking into account contact phenomena can be written as:

mii(t) + Fini(t) = W - A(t) = —miig (1) ey

where u is the relative, to the ground, response displacement, u, is the ground displacement,
m the mass, and Fj,,, the internal inelastic force of the oscillator. W is the direction vector
of the constraint (contact) force A which herein is considered as a Lagrange multiplier, see
also Dimitrakopoulos et al. (2009a,b).

In case of elasto-plastic behaviour the internal inelastic force Fj,; is given by:

Fine (1)
m

— 2w, i)+ 22 @
m

where & is the damping ratio, ws the angular frequency of the structure after yielding (post-
yielding), Q the specific strength of the structure and z is a dimensionless hysteretic parameter,
with |z| < 1, that is given by:

1
20 = — [ =y il 2 - 2" = B 21"] 3)
y

Equation (3) is a special case of the Bouc-Wen model (Wen 1975, 1976) that has been used
extensively for simulating seismic isolation systems (Makris and Chang 2000). Parameters
B, v, and n are dimensionless quantities that shape the hysteretic loop and herein are taken
as: B =y = 0.5 and n = 20 (Makris and Chang 2000).

Substituting Eq. (2) into the equation of motion (1) yields:

(1) + 28 w5 - u(t) +(Q/m) - z(t) = (1/m) - W - A1) = —iig (1) “
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Conclusively, the parameters necessary to determine a response quantity of an elasto-plastic
pounding oscillator subjected to ground excitation, e.g. the maximum response displacement
Umay are: uy the yield displacement and Q/m the characteristic strength, the acceleration
amplitude o, and the angular frequency of the excitation w, (Fig. 1), the initial distance
between the oscillator and the rigid barrier “gap” 8, and the coefficient of restitution en.
Assuming a pure hysteretic behaviour (zero viscous damping & = 0) the response function
can be written as:

umax = f(uy7 Q/mvav eNvangg) (5)

This results in a group of 7 variables which involve only 2 reference dimensions, those of
length [L] and time [T]. According to Buckingham’s “IT” theorem the number of independent
dimensionless IT-products is now: (7 variables) — (2 reference dimensions) = 5 I1-terms.

Herein, the characteristics of the excitation, o and w, are selected in order to normalise
the non-linear response (including both yielding and pounding) to the energetic length scale of
the excitation, L, = ag/ a)§ The productarg / a)g is a characteristic length scale of the (ground)
excitation’s persistence to impose deformation demands, see for instance Dimitrakopoulos
et al. (2009a,b) and references therein. Accordingly, Eq. (5) reduces to:

2 2 2
U max @ Sw Uy
LY (e L ©)
Clg ag ag mag
or
Mym = ¢’(H5» I, l-[ll}” HQ) @)
with:
2 2 2
Umax Wy, dw, Uyw 0
Humziéandz éanangaHuy: gaani 3)
ag llg ag mag

The dependent variable, dimensionless product Iy, is the maximum response displacement
normalized to L.. The dimensionless gap I1s and the coefficient of restitution ex are the
pounding parameters, whereas the dimensionless yield displacement ITyy and the character-
istic strength Ilq are associated with the elasto-plastic behaviour of the structure. The dimen-
sionless gap I1s = 6w§ /og and the dimensionless yield displacement ITyy = u yw§ /og are
novel intensity measures which suggest that the size of the gap “6” and the yield displacement
uy accordingly, can be scaled to the energetic length scale L.=a/ a)g [m] (Dimitrakopoulos
et al. 2009a,b). In contrast to other intensity measures proposed recently in the literature
(Vega et al. 2009), I1s and I1y are rationally produced and dimensionally consistent inten-
sity measures which as illustrated later on, correlate well with the response of such mechanical
configurations.

Figure 2 presents the response spectra of an elasto-plastic pounding system to a cosine
pulse, for different excitation intensities. The most decisive feature of the proposed DA
approach (dimensionless terms ITs and ITyy) is that it brings forward the property of self-
similarity even when the two different types of non-linearity coexist, i.e. the unilateral contact
phenomena and the inelastic behaviour of the structure itself. The response curves expressed
in the IT-terms for different intensity and frequency of the excitation follow a master-curve
(self-similarity—Fig. 2 right)

Figure 3 presents simultaneously the two key parameters of the proposed approach: the
dimensionless gap I1; = 8w§ /ag and the dimensionless yield displacement ITyy = u ng Jog.
Figure 3 left plots contours of ITs on the plane: (§) — (1/L,) for several types of bridges and
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Fig. 2 The response spectra for different excitation intensities and a given dimensionless gap I1g, and yield
displacement ITyy (left) collapse to a single curve (self-similarity) when expressed in the proposed dimen-
sionless I1-terms (right)
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earthquakes. Typical values of in-deck expansion joints range from 0.6 to 1.3 cm (DesRoches
and Muthukumar 2002), in MSSS bridges (Saadeghvaziri and Yazdanimotlagh 2008) from
2.5 to 7.5cm while larger values are common in deck-abutment expansion joints. Figure 3
(right) plots contours of ITyy on the plane: (uy) — (1/L.) for several seismic isolation types.
Representative values of u,, for each seismic isolation type are drawn from Makris and Black
(2004a). The vertical axis is common for both diagrams (left and right) of Fig. 3 and scales
the inverse of the excitation’s persistency (1/L, = a)§ /ag). Greek earthquakes records are
systematically less persistent (Fig. 3) than popular earthquakes records as for instance the
ones considered in Makris and Psychogios (2006). As a consequence, the same gap size &
corresponds to a smaller dimensionless gap I1s when the bridge is subjected to an earthquake
like San Fernando (1971) (Makris and Psychogios 2006) than to an earthquake like Lefkada
2003 (Fig. 1 bottom).

The shaded areas, in both diagrams under the contour IT5=0.1(and Iy = 0.1 accord-
ingly) correspond to the area where complete similarity prevails. The property of complete
similarity reveals that the response of a pounding oscillator is indifferent to small values of
the dimensionless gap (I1s < 0.1) (Dimitrakopoulos et al. 2010) and that the response of an
elasto-plastic system is indifferent to small values of the dimensionless yield displacement
(ITyy < 0.1) (Makris and Black 2004b) accordingly. For instance, if the dimensionless yield
displacement ITy turns out small enough (ITyy < 0.1) the engineer can expect that the initial
pre-yielding stiffness may be immaterial to the actual response of the structure (Makris and
Black 2004b). What is also evident from Fig. 3 is the similar way that dimensionless terms I
and ITyy depend on the earthquake’s persistency. Thus, the estimation of the dimensionless
terms describing the response (e.g. ITs and Iy after evaluating L.) may provide, through
diagrams like Fig. 3, information on the sensitivity of the structure to phenomena like yielding
or pounding before an analysis is performed.

Figure 4 illustrates the response spectra for a given dimensionless yield displacement
(ITyy = 0.2) and several dimensionless gaps Is, of an elasto-plastic SDOF oscillator sub-
jected to pulse-type excitations. The response spectra of Fig. 4 are self-similar; they are
indifferent to the excitation’s intensity and period. Similar results are obtained for several
dimensionless yield displacements e.g. [Ty = 0.01, even though they are not presented herein
for economy of space. Self-similarity is a well-known property of linear elastic response,
hence response curves for the no-contact case (grey lines in Fig. 4) illustrate the same feature.

The accentuation of the response, due to contact, is intense in the area of weak sys-
tems/short pulses (small TTp values). The opposite holds true for intermediate IT¢ values,
the response diminishes due to contact. In addition, in the area of strong systems/ long
pulses (high IT¢ values) the maximum response displacement is indifferent to contact. Con-
sequently, three distinct spectral areas are recognized in the response, which appear system-
atically for inelastic as well as linear elastic pounding oscillators (Dimitrakopoulos et al.
2009a,b). Compared with the bilinear behaviour (Fig. 5), the accentuation of the response
due to contact is more pronounced in the case of elasto-plastic behaviour, which is attributed
to the (comparatively) lower restoring force.

The examined mechanical configuration lacks symmetry with respect to the direction
(normal/reverse) of motion. Left and right columns of Fig. 4 differ only in the directivity of
the pulse and reflect this peculiarity. Differences in the response are more pronounced for
excitations with a strong “preference” in a specific direction like sine pulses, which repre-
sent pure forward motions. The directivity effects wear off for excitations with more loading
cycles and/or no preference to a specific direction. In modern literature lack of symmetry
in configurations of pounding structures is often quite disregarded with the risk of loosing
valuable information (Dimitrakopoulos et al. 2010).
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Fig. 4 Self-similar response spectra of the elasto-plastic pounding system, subjected to pulse-type excitations
of normal (left) and reverse (right) directivity

Depending on the excitation’s shape and directivity, response may be very sensitive to
moderate and high dimensionless gap values (Fig. 4). However, for small enough dimension-
less gaps (IT5 < 0.5) the response displacement is indifferent to I1s. This invariance of the
response for small ITs values confirms the existence of the complete similarity region (grey
area) in Fig. 3 for inelastic structures, originally observed for the elastic pounding oscillator
(Dimitrakopoulos et al. 2010).

4 Dimensional analysis of a bilinear sdof pounding oscillator

Before moving on to bilinear pounding structures, it is useful to revisit first inelastic struc-
tures without pounding. The dynamic equilibrium of a bilinear SDOF oscillator with mass
m that is subjected to a ground excitation gives:

i+ D i) ©
m

with the same notations as in Eq. (1).
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Fig. 5 Self-similar response spectra of a bilinear pounding structure, subjected to pulse-type excitations of
normal (left) and reverse (right) directivity

A bilinear hysteretic loop (Fig. 5 top) can de defined with an appropriate combination
of three of the following parameters: characteristic strength Q, yield force F), pre-yield-
ing stiffness Ko, post-yielding stiffness (second slope of the bilinear loop) Ky, hardening
a = K /Ko, and yield displacement u,. Consequently, there is no unique way, but depend-
ing on the adopted parameters, several alternative ways of describing a structure with bilinear
behaviour.

Seismically isolated structures are designed intentionally with small yield displacements
and/or strength in order to perform inelastically when subjected to the design earthquake.
Makris and Black (2004a), expressed the response of isolated structures with the triplet:
Q(or Q/m), uy and wy (or Ty), and revealed the remarkable property of complete similarity
with respect to small dimensionless yield displacements IT,y. This property unveils that the
elastic characteristics of structures designed with small yield displacements are indifferent to
the (essentially inelastic) response. The response function of a bilinear SDOF pounding oscil-
lator (Fig. 5 bottom), when the inelastic behaviour is described with the triplet (Q or Q/m,
uy and wy or Ty), can be written as:
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Q
Umax = f (st e Uy, 8, &N, g, g (10)
and by following an analogous analysis, the relation of the dimensionless IT-terms is:
Mym = ¢(nws, ITs, e, 1_[uys HQ) (11)
with:
Mo = 2 Mg = = (12)
Wy mag

and the remaining I1-terms are as in Eq. (8).

Figure 5 presents the same results as Fig. 4, but for a bilinear instead of elasto-plastic,
pounding SDOF system. The bilinear behaviour is described in terms of the dimensionless
I1,, = wy/wg while the elasto-plastic behaviour is expressed in terms of [1g = Q/mag and
appears as the limit case of the bilinear one for IT,, = 0 The self-similar response spectra
of Fig. 5 illustrate the same trends (as Fig. 4) regarding the influence of contact.

Figure 6 plots the self-similar response spectra of an SDOF pounding oscillator with
elastic (top), elasto-plastic (middle) and bilinear (bottom) behaviour. In all three cases the
dimensionless gap ITs, the coefficient of restitution eN and the excitation are the same. The
dimensionless approach proposed herein unveils the property of self-similarity in all cases
considered, even though the response is strongly non-linear (non-smooth) due to contact
as well as inelastic (elasto-plastic or bilinear). What is also noteworthy about Fig. 6 is the
qualitatively similar way in which contact influences the structural response. Whether the
structural response is elastic, elasto-plastic or bilinear, the spectrum shape resembles an
asymptotic (exponential) form and the aforementioned three spectral areas appear. In other
words, when the dimensionless gap is small enough, contact alters the response up to the
point that it overshadows its original characteristics.

5 Multiple inelastic pounding oscillators

In the general case, a mechanical configuration of n bilinear SDOF oscillators in a row is
governed by 4n + 4 variables. These are:

® wyi, Uy, Qi,and m;, and m;: the post-yielding angular frequency, the yield displace-
ment, the characteristic strength and the mass of the oscillator with index i, where i =0
= n — 1. In the following, the oscillator under examination is denoted with sub-index 0
and the equivalent viscous damping ratio of the oscillators is ignored (¢ = 0).
ey and §: the coefficient of restitution and the gap.
ag and w,: a characteristic length and time scale of the excitation (Fig. 1)

Hence a response quantity of interest, e.g. the maximum response displacement u,,,4, of an
oscillator, can be written as a function of the general form:

Umax = [ (a)sia Qi»mi,uyis(S»SNvangg)»i =0+n—1 (13)

This results in a set of 4n + 5 variables which involve 3 reference dimensions, those of
length [L], time [T] and mass [M]. According to Buckingham’s “IT” theorem the number
of independent dimensionless IT-products is now: (4n + 5 variables) — (3 reference dimen-
sions) = 4n + 2I1-terms.
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Fig. 6 Response spectra of a SDOF pounding oscillator. elastic (fop), elasto-plastic (middle) and bilinear
(bottom)

Extending the same approach, the characteristics of the excitation, g and wg, and the
properties of a reference-oscillator (wg and mg) are selected as repeating variables Accord-
ingly, Eq. (5) reduces to:

2 2 2 2
Umax @y _ (Swg ws0 Uy0Wy Qo nmo  @s0 Uyiwg  Q; i=len—1

ag ag wg ag moap mi w5 ~ag miag
(14)
or
Mum = ¢ (I, Mg, M0, Muyo, TIgos Mmis Msi, Muyis Mgi), i=1+n—-1 (15)
with:
w50 w0 mo
Myso = ——, Mg = —, My = — (16)
wg Wgi m;

and the remaining IT-terms as in Eq. (8).
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Fig. 7 Self-similar response spectra of a pair of bilinear pounding structures, subjected to pulse-type exci-
tations. Left column corresponds to most flexible and right column to most stiff among a pair of structures

Eq. (14) shows that 10 IT-terms govern the problem of a pair (n = 2) of bilinear SDOF
structures (Fig. 7) and 14T1-terms the response of three (n = 3) bilinear structures in a row
(Figs. 8 and 9). Thus, Eq. (14) clearly illustrates the multiparametric nature of the dynamics
of pounding-structures.

For convenience, simplifying assumptions are made in the following parametric study.
It is assumed that the mass, strength and yield displacement of the structures examined are
the same: mo = m;, Qo = Q;, uyo = uy;. Under these rather restrictive assumptions Fig. 7
plots the response spectra of a structure (with characteristics: wo, mo, uyo and Qg) involved
in a pair of bilinear structures. Figures 8 and 9 present the same results as Fig. 7 but for the
centric structure, from a symmetric triplet of bilinear pounding structures. Left columns (of
Figs. 7, 8, 9) present the response of the more flexible structure of the system considered
(ITg; < 1), while right columns present the response of the stiffer structure (Ilg; > 1).

As the (post-yielding) angular frequencies of the structures separate, the influence of con-
tact becomes more pronounced (compare Fig. 8 with 9), in agreement with the pertinent
conclusions of DesRoches and Muthukumar (2002). It is reminded though, that this is true
provided the masses of the colliding structures are the same. A more detailed analysis of
the role of the mass ratio shows that when masses differ substantially contact may alter
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Fig.8 Self-similar response spectra of a symmetric triplet of bilinear pounding structures, subjected to pulse-
type excitations. Left column corresponds to most flexible and right column to most stiff structure

drastically the response of linear pounding oscillators even if structural frequencies are sim-
ilar (Dimitrakopoulos et al. 2009a,b).

As aresult of contact, the shape of the spectrum of a flexible structure sharpens, while that
of a stiff structure flattens. This characteristic is associated with the three spectral regions,
previously noted for single pounding structures, which arise also for the considered systems
of multiple pounding structures. The difference is that the response of flexible structures is
accentuated in the area of short pulses (small I1,), while the response of stiff structures
is accentuated in the area of long pulses. For I, near unity the maximum response dis-
placement usually diminishes for all structures. A collateral consequence is that in adjacent
inelastic structures, such as individual deck segments or neighbouring buildings, contact
alters the frequencies which stimulate the most the individual parts of the system compared
with the no-contact dynamic behaviour. For instance when a structure is excited near its effec-
tive (post-yielding) frequency its response may be hindered due to contact, but at the same
time the response of their neighbouring structure is often accentuated. This is a critical trend
from a practical point of view, observed also in linear pounding oscillators (Dimitrakopoulos
et al. 2009a,b), since contact alters the excitation frequencies’ at which such mechanical
configurations are most vulnerable.
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Fig.9 Self-similar response spectra of a symmetric triplet of bilinear pounding structures, subjected to pulse-
type excitations. Left column corresponds to most flexible and right column to most stiff structure

The proposed dimensionless spectra (Figs. 7, 8, 9) are self-similar, i.e. (for given values
of the associated IT-terms) are indifferent to the intensity of the excitation. Self-similarity
is of unique importance since it reveals invariance with respect to scale transformations
(intensity of the excitation). At the same time, traditional response spectra, useful for spec-
trum-based design, can be calculated from the proposed spectra through a simple similarity
transformation.

6 Illustrative example

The proposed methodology is implemented on a two-segment frame bridge (Fig. 10) with
the characteristics presented in Table 1, similar with those in DesRoches and Muthukumar
(2002).

The equation of motion for the bridge system examined, taking into account unilateral
contact can be written as:

Mii-i—FF(u)—FB(Uj —ll,')—W)»:—MSi/t'g 17
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Fig. 10 Top: Layout of the bridge examined. Middle: Mechanical model of the bridge system and parameters
involved. Bottom: non-linear elements of the model

Where the mass matrix is: M = diag {m m3} , A is the contact force considered as a Lagrange
multiplier (see also Dimitrakopoulos et al. (2009a,b), § is the unit vector and W the direction
vector. The restoring characteristics (Fr) of the two segments of the bridge are modelled
with pertinent bilinear hysteretic Bouc-Wen springs (Fig. 10—bottom left):

(18)

Fr(u) = [FFI (“1)] _ [kuul 0+ Q1251 (t)}

Fra (u2) ksauz () + Qs2252 (1)
where k; denotes the post-yielding stiffness, Q; the specific strength and z the dimensionless

hysteretic parameter, governed by Eq. (3). A £ = 5% viscous damping ratio and a coefficient
of restitution e = 0.7 is assumed.

Table 1 Characteristics of the bridge examined

Element Initial stif. (kN/m)  Yield str (kN) Period (s) Strain hardening ~ Weight (t)
Frame — F 2,33,443 3,621 0.47 5% 1,301
Frame — Fp 1,01,048 3,794 1.12 5% 3,210
Element Effective stif. (kN/m) Element Active stif. (kN/m) Passive stif. (kN/m)

Bearing — By 1,051 Abutment Ay, Ay 1,751 4,55,328

Bearing By, B> 1,50,000
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Fig. 11 Earthquake response analysis for the Lefkada 2003 record (shown in Fig. 1 bottom). Time histories
in dimensionless terms: of the displacements of the two segments illustrating their relative distance gy (top)
and their relative distance gy (middle). Bottom: the force—displacement loops of the two segments

The bearings are modelled using linear springs approximating their effective stiffness
(Fp):

Fp1 (up —uy) — Fpo (u1 — up) kp1 (uz —uy) — kpo (U1 — uo)
Fp(u) = = (19)

Fpy (u3 — uz) — Fpi (uz —uy) kpp (u3 — u2) — kpy (up —uy)

The behaviour of the abutments is assumed to follow the elastic bilinear spring (F4) shown
in Fig. 10 (bottom right).

The bridge of Fig. 10 is analysed for the 62 Greeck records considered in Dimitrakopoulos
et al. (2009a,b), comprising practically most of the available historic Greek records, with-
out reference to any substitute pulses. Instead, all records are characterised directly using
ag = PGA and wg = 27/ T),, where T, is the mean period (Rathje et al. 1998). With the
aforementioned scales the notion of persistency or energetic length scale L, = o /wg [m] is
extended to excitations with or without distinct pulses.

Sample results of the earthquake response analyses are offered in Fig. 11 for the Lefkada
2003 record of Fig. 1-bottom. In Fig. 11 open circles denote impacts, while filled circles
denote the end of a continuous contact (detachment). The at-rest size of the joint between the
two segments is: § = 1.27 cm, hence the dimensionless gap term for (typical) Greek records
(Dimitrakopoulos et al. 2009a,b) is estimated as I1s = éwi, /g > 0.5. Similarly, the yield
displacement of the two segments is accordingly uy; = 0.016 and u,, =0.038 m, so the
dimensionless yield displacements are respectively greater than Tlyy; = uy1w§ Jog > 0.5
and ITyyp > 1.2
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Fig. 12 Maximum response displacement of the stiff (fop) and the flexible frame (bottom) vs. the energetic
length scale of 62 Greek records (Dimitrakopoulos et al. 2009a,b)

The results from the 62 records (Fig. 12) reveal a strong correlation between the energetic
length scale L, (persistency) of (real) excitations with the maximum response displacement
Umax- This is true, despite the complexity of the system’s behaviour and the fact that two exci-
tations with the same o, and w, may differ substantially in (the accelerogram) shape which
inevitably introduces a scatter in the response. For comparison, all excitations are grouped
into 4 sets depending on their mean period 7, (Dimitrakopoulos et al. 2009a,b). Even though
(mean) periods as well as the peak ground acceleration of each record may differ substan-
tially, the response scales well with persistency L.. Thus, the proposed DA approach verifies
that what matters in the response of even more complex mechanical configurations are the
dimensionless intensity measures, dimensionless gap ITs and yield displacement ITyy values,
and consequently the persistency of the excitation L,. At the same time, plots like Fig. 12 can
be useful, from a practical standpoint, in the same sense that traditional incremental dynamic
analysis curves are.
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7 Conclusions

The present paper proposes a novel, alternative way to describe the behaviour of pound-
ing inelastic structures by implementing formal dimensional analysis in an effort to identify
distinct physical similarities. Pounding structures comprise multi-parametric mechanical sys-
tems with quite complex earthquake response for which conflicting conclusions have been
published in literature.

The application of the proposed method hinges upon the notion of persistency, or energetic
length scale, of an excitation that assesses the tendency of ground shaking to impose defor-
mation demands. The concept of persistency which is defined for excitations with or without
distinct pulses is exploited herein to scale the response via meaningful new dimensionless
intensity measures. The proposed approach leads to a condensed presentation of the response
and most importantly unveils the remarkable property of self-similarity even though two dif-
ferent types of non-linearity coexist in the response: the boundary non-linearity of unilateral
contact and the inelastic behaviour of the structure itself. It is shown that when the response
is expressed in the appropriate dimensionless Il-terms, response spectra for any intensity
and frequency content of the excitation collapse to a single master curve (self-similarity).

All physically realizable contact types are captured via a non-smooth complementarity
approach. The present analysis also concludes that contact may have a different effect on the
response displacements of inelastic structures depending on the structural and excitation’s
frequency ratio (spectral region). As for linear pounding oscillators, three distinct spectral
regions are identified herein for inelastic pounding structures. The study also confirms that
in adjacent inelastic structures, such as colliding buildings or interacting bridge segments,
contact is likely to alter drastically the excitation frequencies at which the system is most
vulnerable. Most often, contact results in amplifying the response of the most flexible, among
pounding structures, in the low range of the frequency spectrum and the response of the most
stiff structure in the upper range of the frequency spectrum.

Finally, the study concludes that the proposed approach yields maximum response dis-
placements which correlate very well with the persistency of real earthquakes for a bridge
system with considerably complex (non-linear and non-smooth) behaviour.

References

Barenblatt G (1996) Scaling, self-similarity, and intermediate asymptotics. Cambridge University Press,
Cambridge

DesRoches R, Muthukumar S (2002) Effect of pounding and restrainers on seismic response of multiple-frame
bridges. J Struct Eng 128(7):860

Dicleli M (2008) Performance of seismic-isolated bridges with and without elastic-gap devices in near-fault
zones. Earthq Eng Struct Dyn 37(6):935-954

Dimitrakopoulos EG (2010) Analysis of a frictional oblique impact observed in Skew bridges. Nonlinear Dyn
60:575-595

Dimitrakopoulos EG, Kappos AJ, Makris N (2009a) Dimensional analysis of yielding and pounding structures
for records without distinct pulses. Soil Dyn Earthq Eng 29(7):1170-1180

Dimitrakopoulos EG, Makris N, Kappos AJ (2009b) Dimensional analysis of the earthquake-induced pound-
ing between adjacent structures. Earthq Eng Struct Dyn 38(7):867-886

Dimitrakopoulos EG, Makris N, Kappos AJ (2010) Dimensional analysis of the earthquake response of a
pounding oscillator. ] Eng Mech (ASCE) 136(3):299-310

Jankowski R, Wilde K, Fujino Y (1998) Pounding of superstructure segments in isolated elevated bridge
during earthquakes. Earthq Eng Struct Dyn 27(5):487-502

Leine RI, Van Campen DH, Glocker CH (2003) Nonlinear dynamics and modeling of various wooden toys
with impact and friction. J Vib Control 9(1-2):25-78

@ Springer



Bull Earthquake Eng (2011) 9:561-579 579

Makris N, Chang S (2000) Effect of viscous, viscoplastic and friction damping on the response of seismic
isolated structures. Earthq Eng Struct Dyn 29(1):85-107

Makris N, Black CJ (2004a) Dimensional analysis of rigid-plastic and elastoplastic structures under pulse-type
excitations. J Eng Mech 130(9):1006

Makris N, Black CJ (2004b) Dimensional analysis of bilinear oscillators under pulse-type excitations. J Eng
Mech 130(9):1019

Makris N, Psychogios T (2006) Dimensional response analysis of yielding structures with first-mode domi-
nated response. Earthq Eng Struct Dyn 35(10):1203-1224

Malhotra PK (1998) Dynamics of seismic pounding at expansion joints of concrete bridges. J Eng Mech
124(7):794

Malhotra PK, Huang MJ, Shakal AF (1995) Seismic interaction at separation joints of an instrumented con-
crete bridge. Earthq Eng Struct Dyn 24(8):1055-1067

Rathje EM, Abrahamson NA, Bray JD (1998) Simplified frequency content estimates of earthquake ground
motions. J Geotech Geoenviron Eng 124(2):150

Ruangrassamee A, Kawashima K (2001) Relative displacement response spectra with pounding effect. Earthq
Eng Struct Dyn 30(10):1511-1538

Saadeghvaziri M, Yazdanimotlagh A (2008) Seismic behavior and capacity/demand analyses of three multi-
span simply supported bridges. Eng Struct 30(1):54-66

Saadeghvaziri M, Yazdani-Motlagh AR, Rashidi S (2000) Effects of soil-structure interaction on longitudinal
seismic response of MSSS bridges. Soil Dyn Earthq Eng 20(1-4):231-242

Sedov L (1992) Similarity and dimensional methods in mechanics. CRC Press, Boca Raton Fla

Vegal,del Rey I, Alarcon E (2009) Pounding force assessment in performance-based design of bridges. Earthq
Eng Struct Dyn 38(13):1525-1544

Wen Y (1975) Approximate method for nonlinear random vibration 102(EM4):389—401

Wen'Y (1976) Method for random vibration of hysteretic systems 102(EM2):249-263

Zanardo G, Hao H, Modena C (2002) Seismic response of multi-span simply supported bridges to a spatially
varying earthquake ground motion. Earthq Eng Struct Dyn 31(6):1325-1345

@ Springer



	Dimensional analysis of the earthquake-induced pounding between inelastic structures
	Abstract
	1 Introduction
	2 Proposed methodology
	2.1 Time and length scales in earthquake records with distinct pulses
	2.2 Time and length scales in earthquake records without distinct pulses

	3 Dimensional analysis of an elasto-plastic pounding system
	4 Dimensional analysis of a bilinear sdof pounding oscillator
	5 Multiple inelastic pounding oscillators
	6 Illustrative example
	7 Conclusions
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


