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Abstract

This work presents a parametrical numerical study of pounding between short-to-mid height RC framed buildings with
aligned slabs. The study consists in analyzing the dynamic response of four 3 and 5-storey prototype colliding buildings to
four representative accelerograms.
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1. Introduction

Pounding between adjoining buildings during strong seismic events is a serious problem, been proven highly
damaging in past earthquakes [1]. This paper describes a parametrical numerical study on the consequences of
pounding between adjoining short-to-mid height RC framed buildings with aligned slabs. The study consists in
analyzing the dynamic response of colliding buildings to a number of representative strong seismic inputs.

Four 3 and 5-story buildings with 2 and 5 bays are selected for this work. To represent the most common
situations, the structural configuration of the selected buildings has plan symmetry and uniformity along height.
Buildings are designed for a high seismicity region following international (American-based) regulations.
Structure consists of square columns, rectangular deep beams, and flat slabs; contribution of other members,
such as infill walls, is not considered.

Nonlinear behavior of buildings is simulated with frame finite element models; nonlinearities are
concentrated in plastic hinges located at ends of each element (concentrated plasticity). Moment-curvature laws
are obtained from fiber models. Nonlinear concrete behavior is represented by a constant-confinement model;
confinement effect is described by an effective confinement stress which depends on longitudinal and transverse
reinforcement. Tensile concrete strength is neglected. Steel behavior is described by uniaxial bilinear
constitutive laws with kinematic strain hardening; hardening rule for yield surface is a linear function of
increment of plastic strain. Time integration is carried out using Newmark algorithm. Particular attention has
been paid to time step selection, given that pounding generates sudden changes in extremely short time intervals,
thus leading to important accelerations and involving higher modes response. Pounding is described by a Kelvin-
Voigt linear gap model. Despite this model is termed as linear, it is actually nonlinear, since gap behaves as a
“compression only” element. In the gap model, spring stiffness is selected proportional to axial stiffness of
colliding slabs and damping factor is chosen to provide a desired restitution factor; gap size is chosen to
represent actual situations. Soil-Structure Interaction (SSI) is described differently for foundations with spread
footings and mats. In both cases, SSI is simulated by parallel combination of elastic springs and dashpots linking
foundation and underlying soil. All these models are jointly implemented in SeismoStruct software package.

Four representative recorded inputs are selected; are obtained combining presence or absence of velocity
pulses, and stiff / soft soil conditions. Three accelerograms correspond to Northridge earthquake (January 17,
1994) and the fourth one belongs to Victoria earthquake (Mexico, June 9, 1980). Acceleration and energy
response spectra are generated to highlight inputs characteristics.
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The parameters of the study are those of the selected buildings, the inputs (including soil conditions), the
gap model, and the SSI. Effects of pounding are evaluated through four performance indices:

%)

= Maximum drift angle. Provides, for each story, information on damage on beams and columns and on infill
walls.

=  Maximum shear force. Reports also on structural damage. In first floor, is base shear force; it provides
information on demanding on foundation.

= Hysteretic energy. Absorbed energy minus energy absorbed by initial structural damping. Reports on
damage in terms of cumulated values.

= Maximum absolute acceleration. Provides information on damage to non-structural components.

The preliminary results show regular and expected behavior. This corroborates the accuracy and reliability of the
used model.

2. Prototype buildings

2.1 General considerations

Prototype buildings have been selected aiming to its representativeness, mainly in developing countries (where
pounding is more feasible). Noticeably, main objective of this research is to analyze pounding between pairs of
buildings, not to study the behavior of single buildings; therefore, representativeness should be placed within this
context. Buildings are assumed to be provided with adequate seismic design for high seismicity regions;
conversely, gap is insufficient. This situation is frequent in developing countries, since commonly design fulfils
all legal requirements (to obtain construction permits) but construction control is not completely strict. Most of
the actual buildings have plan symmetry and asymmetric plan layouts are difficult to categorize. Regarding
uniformity along height, situation is similar; therefore, only symmetric and regular buildings are considered.
This regularity implies that columns are uniformly distributed, and are no interrupted (continuous down to
foundation), and that story height is constant. Cooperation of the masonry infill walls is not taken into
consideration because lack of reliability and because frequently walls are separated from main frame to allow for
relative motion. Since vast majority of buildings in developing countries have only moderate height, only short
to mid-height buildings are considered. Regarding use, most of buildings are intended for housing and
administrative use; other close uses (commercial, schools, sanitary facilities, among others) are also possible.
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(c) Five-story two-bay building (5 x 2) (d) Five-story five-bay building (5 x 5)

Fig. 1 — Prototype buildings
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2.2 Description of the prototype buildings
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Four housing or administrative prototype buildings have been selected to represent the most common situations.
All buildings have RC framed structure with square columns, two-way solid slabs and rectangular cast-in-situ
beams joining the columns, see Fig. 1.

As shown in Fig. 1, the buildings have uniformity in elevation and symmetry in plan, with rectangular plan
layout. There are no basements. There are six frames (five bays) in direction parallel to the joint between the
colliding buildings (y); in the other direction (x) the number of bays of each building ranges in between two and
five to account for the differences in mass among both buildings. Along this study, N represents the number of
stories and b is the number of bays in direction orthogonal to the joint between the buildings (x, Fig. 1); every
building is denoted by N x b. The story height is 3.2 m and the span length is 5 m in both directions. The beams
section is 40 x 50 cm? and the slabs are 15 c¢cm deep. Inside each story, all the columns are alike, even the
reinforcement; Table 1 depicts the cross sections of the columns.

Table 1 — Representative buildings

- Height 1* floor 2" floor 3" floor 4™ floor 5™ floor Fundamental | Weight
Building (m) columns columns columns columns columns periods (s) (kN)
(cm) (cm) (cm) (cm) (cm)
3x5 9.6 60 x 60 55 x 55 50 x 50 - - 0.259 3709
3x2 9.6 60 x 60 55 x 55 50 x 50 - - 0.247 1526
5x5 16 60 x 60 55 x 55 50 x 50 45 x 45 40 x 40 0.464 6067
5x2 16 60 x 60 55 x 55 50 x 50 45 x 45 40 x 40 0.444 2486

The characteristic values of the concrete compressive strength and of the steel yielding point are f’. = 30 MPa
and f, = 500 MPa, respectively. The buildings are designed according to the ACI and ASCE codes [2, 3]. Dead
loads: self-weight + flooring + partitioning = 8 kN/m?, roof self-weight + flooring + partitioning = 6.8 kN/m?,
cladding 3/2.6 kN/m? Live loads: floors 2 kN/m?, roof 1.5 kN/m?, stairs 3.5 kN/m?. The loading combination is
1.2 D + 1.6 L. The seismic design is performed for 0.4 g design acceleration, corresponding to 475 years return
period (10% probability of being exceeded in 50 years). The soil can be either stiff or soft, with shear wave
velocity in between 360 and 800 m/s or 180 and 360 m/s, respectively; they correspond to types C and D
according to ASCE classification [3] and to types B and C according to the EC-8 classification [4]. Given that
softer soil leads to more demanding forces, it has been considered for design. For design purposes, the structure
of the buildings is modelled as a 3D frame of beams and columns with rigid connections among them; the
columns are assumed to be clamped to the foundation. The beams are modelled as T-section members; the
effective width is 105 cm for the inner beams and 70 cm for the side beams [2]. The concrete cracking is taken
into account by reducing the moments of inertia of beams and columns by factors 0.40 and 0.7, respectively [5].
The contribution of the staircases, infill walls and other elements to the lateral resistance of the building is
neglected. The seismic design is carried out through equivalent static analysis. For serviceability conditions, the
drift limit is 0.02 H for the 3-storey building and 0.025 H for the 5-storey building. The fundamental periods of
the buildings are estimated from the empirical expressions contained in the ASCE code; for the 3 and 5-storey
buildings it is initially assumed that T = 0.3 s and 0.5 s, respectively. The assumed damping factor is 5%. The
buildings are considered of normal importance (Risk Category Il), therefore, seismic importance factor is I, = 1.
The response reduction factor is 5, corresponding to “intermediate reinforced concrete moment frames”
according to the ASCE code. The contributing mass of the slab is uniformly distributed among all the frames.
The site seismicity for 4975 years return period (1% probability of being exceeded in 50 years) corresponds to
coefficients Sg = 2.098 g, S; = 0.994 g (spectral response acceleration parameters), F, = 1, F, = 1.5 (site
coefficients based on and Ss and on Sy, respectively). In the design spectrum the left and right abscissae of the
plateau are To = 0.142 s and Ts = 0.711 s, respectively. Assumed risk category and seismicity determine Seismic
Design Category D. Noticeably, 3-story buildings are designed as if they were 5-story; it means that demanding
forces on members are determined as if buildings had five stories.

The fundamental periods are obtained by classic linear eigenvalue analysis by discretizing the buildings
by classical lumped masses models. As discussed next, buildings are merely represented by single 2-D frames;
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accordingly, Table 2 displays the masses of each story (including the corresponding masses of columns and
other vertical elements) for the lone buildings. Figures from Table 2 correspondto D + 0.2 L.

Table 2 — Mass (kg) of each frame of the individual buildings

Building
Story No. 3x5 3x2 5x5 5 x 2
1 127239 52452 127239 52452
2 124762 51214 124762 51214
3 117598 47632 122392 50029
2 : - 120180 48923
5 : - 115386 46526

Table 3 displays natural periods and modal mass ratios of the individual buildings. Given that pounding is
described as a 2-D phenomenon, only translational modes in x direction are considered. Table 3 shows regular
behavior, with well-separated periods and clear predominance of first mode.

Table 3 — Natural periods (s) and modal mass ratios of the individual buildings
Building
Mode No. 3x5 3x2 5x5 5x2
T m;*/m T m;*/m T m;*/m T m;*/m
0.259 | 0.8327 | 0.247 | 0.8276 | 0.464 | 0.7633 | 0.444 | 0.7618
0.091 | 0.1186 | 0.085 | 0.1219 | 0.179 | 0.1289 | 0.167 | 0.1295
0.054 | 0.0486 | 0.050 | 0.0504 | 0.109 | 0.0499 | 0.101 | 0.0500
- - - - 0.077 | 0.0313 | 0.071 | 0.0314
- - - - 0.054 | 0.0265 | 0.049 | 0.0271

OB WIN(F-

2.3 Foundation

Since there are no basements, soil quality is assumed to be good, and buildings height is rather moderate,
foundation is assumed to be shallow (direct). Given that soil type can be either soft or stiff and that there is no
direct correlation between soil type and bearing capacity, it is necessary to assume several levels of soil strength.
Two levels are considered: poor soil (bearing capacity 0.15 MPa) and good soil (allowable stress 0.4 MPa). For
strong soil, foundation consists in isolated (pad or spread) footings connected with ties. Ties are intended to
avoid horizontal relative displacements between footings, i.e. influence of spatial variation of seismic action. As
well, ties will provide recentering effect on pads; this being particularly convenient for eccentric footings. This
layout will prevent completely the risk of local uplift at some footings. Each footing (except eccentric ones) is 3
m x 3 m x 1.5 m. Structural parameters (concrete and steel strength and reinforcement amount) are not detailed
herein because are not relevant to the objectives of this work. For poor soil, mat (slab) foundation is considered,
since, with isolated footings, digging would affect more than half of building plan, thus making this solution
impractical. Slab depth is 1 m. As in the isolated footings solution, structural parameters are not detailed.

2.4 Structural modelling of the prototype buildings

Pounding is described as a 2-D phenomenon, without accounting for torsion effects. Therefore, buildings are
merely represented by single 2-D frames. Given that all parallel frames are alike (Fig. 1), this assumption
describes adequately pounding between buildings provided that one sixth of building mass is assigned to each
frame (Table 2).

The nonlinear dynamic structural behavior of the frames is described with 2-node frame finite element
models (Fig. 2.a); each member (e.g. beam or column) is represented by a single element. Nonlinearities are
concentrated in plastic hinges located at the ends of each element (concentrated plasticity, Fig. 2.b). This choice
relies reduced analysis time and avoid localization issues, e.g. dependency on the number of Gauss points [6, 7].
The moment-curvature behavior of each hinge is depicted by fiber models SeismoStruct [6] with 300 fibers in
each section. The length of the hinges is established according the well-known empirical criterion proposed in

[8].
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(a) Frame discretization and plastic
hinge locations
Fig. 2 — Finite element modelling

(b) Fibre model

The nonlinear behavior of the concrete is represented by a constant-confinement concrete model [9, 10, 11]; the
confinement effect is described by an effective confinement stress which depends on the longitudinal and
transverse reinforcement. This model proposes a unified stress-strain approach for confined concrete for both
circular and rectangular transverse reinforcement:

JeexT @

o, = ——
C r—14x"

In Eq. (1), o, is concrete stress and f¢. is compressive strength of confined concrete. Coefficient x = ;—C where

& 1s concrete strain and e is strain at peak stress related to fi.: €cc = €co [1 +5 (ﬁ - 1)]; in this expression,

co

. . . .. E,
£co and f, are strain and unconfined concrete strength, respectively. Coefficient r = <— where E. and Ee,
c ~ Esec
are the initial and secant concrete deformation modulus; Ege. = f—c
cc

It can be shown [9] that the confined compressive strength is related to the unconfined one by f:. = f, K,
where K is a confinement factor given by:

7.94f o
K = —1.254 + 2.254 1+—,f1—2—,l )
fe fe

In Eq. (2), o is effective lateral confining pressure given by o} = k.o, where ko and o, are confinement

effectiveness coefficient and lateral confining pressure, respectively. Confinement coefficient is defined as ratio
ke = :—e, where A, = (b.d. — A;) (1 — 251; ) (1 — 256'1 ) and A = b.d. — Ag. In these expressions, b. and d.

are core dimensions of confined (rectangular) area, s’ is clear separation between consecutive transverse

2
reinforcement bars, Ay is longitudinal reinforcement area, and A; = Yi-, (W?‘) where w; represents clear

separation between consecutive tied longitudinal reinforcement bars and n is the number of such bars. Fig. 3
illustrates the meaning of geometrical parameters b, d., s’, and w;.



16™ World Conference on Earthquake, 16WCEE 2017
Santiago Chile, January 9th to 13th 2017

—-— 7 z
f .0 0. 8.8 0.8 - -
. . : ™
. ) - @
- T . Ineffectively ; -
Effectively . 5 confined core bk
confined " . A -
core Yi o eoe s 0o Y L be i
Section Y-Y

'y Section Z-Z

Fig. 3 — Geometrical parameters of Mander model for confined concrete [9]

Lateral confining pressure is assumed to be uniformly distributed over concrete surface; in x and y direction, it is
given by o = pxfyn and oy, = pyfyn, respectively. In these expressions, p,and p, refer to transverse
reinforcement amounts in x and y direction (Fig. 3), respectively. Noticeably, p, and p,, include hoops and ties.
fyn is yield point of transverse reinforcement.

Since this model can experience numerical instabilities under large displacements, the modifications
suggested by [10] are considered; the therefrom-arising model can predict the strength and stiffness degradation
under cyclic motion. Tensile concrete strength is neglected. The behavior of the reinforcement steel is described
by uniaxial bilinear constitutive laws with 4%. kinematic strain hardening; the hardening rule for the yield
surface is a linear function of the increment of plastic strain.

2.5 Numerical model of pounding

q 5-storey
" frame
(gap)
3-storey
frame
\\ coII!sion
points
p—
(a) Sketch of the frames (b) Numerical model of the frames

Fig. 4 — Considered pounding frames

The prototype buildings are assumed to collide by pairs. As an example, Fig. 4 describes pounding between 3 x
5 and 5 x 5 buildings. Fig. 4.a shows a detail of two colliding frames and Fig. 4.b displays a 3D global
representation of such frames; this last image has been taken from the numerical model considered in the
analysis. The gap indicated in Fig. 4.a represents the initial separation between the frames; the considered values
of the gap size (d) are 0, 2 and 4 cm. Noticeably, for 4 cm there is no pounding in virtually all the situations.

The pounding effect is described with linear Kelvin-Voigt gap models (parallel combination of a spring
and a dashpot) located in each story. Fig. 5 displays the considered model. In Fig. 5, d is the gap size, x
represents the sum of shortenings of both colliding slabs, k is the spring stiffness and c is the dashpot damping.
Coefficient c is related to damping factor C by
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In Eq. (3) masses m; and m, correspond to the colliding bodies; more precisely, m; and m, represent the lumped
masses for each model of the pounding buildings. Despite this model is termed as linear, it is actually nonlinear,
since gap behaves as a “compression only” element.
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(&) Model in undeformed configuration (b) Model in deformed configuration

Fig. 5 — Linear Kelvin-Voigt gap model of pounding

Constitutive law is given by equation

f=kx+cx if x—d=>0 @)
f=0 if x—d<0

The stiffness (k) of the spring is selected proportional to the axial stiffness of the colliding slabs as k = o (E A/
L) (Fig. 5) where E, A and L are moduli of elasticity (concrete), cross-section areas and lengths of colliding
slabs, which E, A and L belong to the longest colliding slab. o is a stiffness coefficient (o > 1) [12] that accounts
for the higher influence of the slab segments that are closer to the impact point. The damping factor is chosen as
to provide a desired restitution factor (r) as [13]

C==Inr/ (@ +In’r)*? (5)

In Eqg. (5), two values of the restitution factor are considered: 0.527 and 0.729 [14]; the corresponding values of
the damping factor are 0.1 and 0.2, respectively.

3. Seismic inputs

Four representative inputs are selected; are obtained combining the presence or absence of velocity pulses and

stiff / soft soil conditions. Table 4 depicts the most relevant characteristics of the four chosen representative
inputs [15]. I 4 is the Arias Intensity [16] given by I, = %f}‘éé dt where ¥, is the input ground acceleration; the

Arias intensity is an estimator of the input severity. I is the dimensionless seismic index [17] given by Iy =
22
P{;gpitv. The dimensionless index accounts broadly for the velocity pulses content; small/big values of Ip
correspond to records with/without pulses. PI is the pulse index [18], which takes values between O and 1;
records with scores above 0.85 and below 0.15 are classified as pulses and non-pulses, respectively. E;, is the
relative pulse energy [19], representing the portion of the total energy of the ground motion that corresponds to
the pulse. The pulse is extracted by the peak-point method [20]. Values of E, greater than 0.3 correspond to
pulse-like records and values equal to or below 0.3 are ambiguous. The Trifunac duration is defined as the time
between the 5% and the 95% of the Arias Intensity 14 [21]. The hypocentral distance corresponds to the straight
separation between the hypocenter and the recording station. The closest distance corresponds to the shortest
way to the rupture surface [15]. Vg3 iS the average shear wave velocity in the top 30 m. The soil type in the last

column corresponds to the classification of the Eurocode 8 [4].

7
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Hypo-| . Hypo- Closest Soil
center pcAlPgy| 1A Trifunac| central distance | Vs
EarthquakeDateM.depth|Station| ~ Comp. Io PI E, |duration| distance | ClIsD type | Name
[g] |[m/s] [m/s] [s] [mi/s] (EC8)
[km] [km] [km]
Northridge [199406.7| 17.5 Sglr;\]/aer_CDMG2451410.8431.295 501292 1.0 |061| 532 | 24.24 53 |4405| B PB
Northridge [199406.7| 17.5 g:;gﬁ UCS90056 [0.4550.927/1.542.33 1.0 | 070 | 659 | 27.76 548 | 2859 | C PC
\l\//:C“?”a 108063 11 | S8 | ucsDe604 [0.62(0.316/1.97/6.38 0.0025 | 0.14 | 857 | 35.48 1437 | 6596 | B NP B
exico Prieto
Northridge [1994/6.7| 17.5 Sats"t‘oy UsC90003 [0.48(0.615| 4.6 [9.98 20710 | 034 | 1061 | 1783 | 1209 [2809| c | NPC

Observing values of Pl and E,, Table 4 shows clearly that first two inputs (Northridge Sylmar-Olive and W Pico
Canyon) are Pulse-like and that last two inputs (Victoria Cerro Prieto and Northridge Saticoy St) are not Pulse-
like. Next in this work, four inputs listed in Table 4 are termed P B, P C, NP B and NP C, respectively. In this
notation, “P” and “NP” account for Pulse and Non-Pulse, respectively, and “B” and “C” refer to soil type. To
highlight the major characteristics of the four selected ground motion records, Fig. 6 displays their time histories.
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Fig. 6 — Considered input accelerograms

Observation of accelerograms displayed in Fig. 6 confirms that those in top plots are obviously Pulse-like, while

those in bottom plots are not. As well, left plots exhibit higher high-frequency contents than those in right plots,
this being coherent with soil type.
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4. Parametric study

4.1 Parameters of the study

A number of nonlinear dynamic analyses are carried out to investigate the pounding behavior of the prototype
buildings. The parameters of the study are:

= Buildings. The four representative prototype buildings are described in section 2.
» Input. The four seismic inputs are described in section 3.
= Impact model. The impact model is described in subsection 2.5. It is characterized by three major

parameters: stiffness coefficient (o), damping ratio () and gap size (d).
=SSl analysis. Soil-Structure Interaction.

Table 5 displays the cases that are analyzed.
Table 5 — Parameters of the performed analyses

- Input Impact model .

Buildings Near-fault effects | Soiltype | o | £ | d(cm) SSI Notation No.
Pulse C 2 |01 2 NO PC/2/01/2 1

NO 2

Pulse C 5101 2 ISOL. PC/5/01/2 3

MAT 4

3x5|5x2 Pulse C 10] 0.1 2 NO PC/10/0.1/2 5
Non Pulse B 5 (01 2 NO NPB/5/0.1/2 6

NO 7

Non Pulse C 5101 2 ISOL. | NPC/5/0.1/2 8

MAT 9

NO 10

Pulse C 5101 0 ISOL. PC/5/01/0 11

MAT 12

(+) Non Pulse(*) B 5101 0 NO | NP+B/5/0.1/0 | 13

() Non Pulse(*) B 5 (01 0 NO | NP-B/5/0.1/0 | 14

5x5[5x2 Non Pulse C 5101 4 NO NPC/5/0.1/4 | 15
NO 16

Non Pulse C 5101 2 ISOL. | NPC/5/0.1/2 | 17

MAT 18

NO 19

Non Pulse C 5101 0 ISOL. | NPC/5/0.1/0 | 20

MAT 21

(+) Pulse(*) B 5 101 2 NO P+B/5/0.1/2 | 22

NO 23

(-) Pulse(*) Cc 5 (01 2 ISOL. | P-C/5/01/2 | 24

MAT 25

Non Pulse C 2 |01 2 NO NPC/2/01/2 | 26

5x5|3x2 NO 27
Non Pulse C 5101 2 ISOL. | NPC/5/0.1/2 | 28

MAT 29

Non Pulse C 5101 0 ISOL. | NPC/5/0.1/0 | 30

Non Pulse C 10 | 0.1 2 NO | NPC/10/01/2 | 31

Pulse B 5101 2 NO PB/5/0.1/2 32

Non Pulse C 2 |01 2 NO NPC/2/01/2 | 33

Non Pulse C 2 102 2 NO NPC/2/02/2 | 34

5x2[3x2 NO 35
Non Pulse C 5101 2 ISOL. | NPC/5/0.1/2 | 36

MAT 37

Non Pulse C 10 | 0.1 2 NO | NPC/10/01/2 | 38

(*) £ indicates that the input is either multiplied by + 1 or by — 1; this represents opposite orientations of the colliding
buildings
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4.2 Performance indices
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Since the major objective of this research is to investigate the consequences of seismic pounding between
adjoining buildings with aligned slabs, it is crucial to establish a number of criteria (performance indices) for
appraising each case. These indices are intended to summarize, in a quantifiable way, the major results of the
dynamic analyses. Four evaluation magnitudes are selected:

= Maximum drift angle. Ratio between inter-story drift displacement and story height. This value provides,
for each story, information on the damage on the structural members (beams and columns) and infill walls.

= Maximum shear force. Reports, as drift, on the structural damage at each story. Shear force is directly
correlated to risk of brittle shear failure of columns. In the first floor, the shear force is the base shear force;
it provides information on the demanding forces on the foundation.

= Hysteretic energy. Absorbed energy minus the energy absorbed by the initial damping of the structure;
therefore is the damaging part of input energy. This energy is also termed as “contributable to damage”.
Reports on the structural damage in terms of cumulated values (plastic excursions).

= Maximum absolute acceleration. Provides information on the damage to the non-structural components
(non-structural damage). This quantity is correlated to risk of debris fall and other similar effects, such as
out-of-plane failure of infill walls.

Noticeably, all these indices can be determined for each story. Moreover, the addition of the hysteretic energy
for all the stories yields the energy for the whole building.

Beyond the above major indices, other magnitudes that are directly related to impact might provide, under
certain circumstances, relevant information. Among them: maximum value of the contact force, impact duration,
and relative velocity at impact. These quantities report on the severity of impact, being correlated with the
difference between cases with and without pounding.

4.3 Results

This subsection presents preliminary results of the dynamic analyses corresponding to case No. 7 (Table 5).
Results are presented in terms of the evaluation quantities (performance indices) described in subsection 4.2. Fig.
7 displays, for each story, major outputs for one pair of colliding buildings (Table 1) under the selected inputs
(Table 4). Black/grey plots correspond to cases with/without pounding, respectively. Fig. 7.a and Fig. 7.b
represent the maximum drift angles. Fig. 7.c and Fig. 7.d display the maximum story shear force. Fig. 7.e and
Fig. 7.f show the hysteretic energy. Fig. 7.g and Fig. 7.h show the maximum absolute accelerations. Plots for the
left / right buildings are displayed on left / right Figures (#.a, #.c, #.e, #.9 / #.b, #.d, #.f, #.h), respectively.

In Fig. 7.a and Fig. 7.b, positive sign corresponds to clockwise angle, i.e. the right displacement of the
above story is bigger ( ). In Fig. 7.c and Fig. 7.d, positive sign corresponds to forces generating positive
hear /strains ( ), as in Fig. 7.a and Fig. 7.b. In Fig. 7.g and Fig. 7.h, positive sign corresponds to
outward acceleration, i.e. elements ushed to fall inward ().

Noticeably, in Fig. 7.a, Fig. 7b, Fig. 7.c, Fig. 7.d, Fig. 7.g and Fig. 7.h, the maximum values for each story
are not necessarily simultaneous; this means that the plotted profiles do not represent the situation of the
structures in any instant. Due to this fact, the interpretations become more difficult.

Plots from Fig. 7 allow deriving the following preliminary remarks:

= |n the top stories (those above the colliding third floor) of the taller buildings (5 x 2), energy is increased,
and drift is also increased in inward direction. Both effects are generated by the inward slash motion of the
top two protruding stories of the taller building after receiving the impact of the shorter building.

= Acceleration is increased, in the pounding story, in outward direction. This effect is due to after-impact
bounce.

10



16™ World Conference on Earthquake, 16WCEE 2017
o
Santiago Chile, January 9th to 13th 2017

Without Pounding =With Pounding

o

Without Pounding =With Pounding

5 5
4 + 4 +
> >
(0] ()
S 3+ o 3 +
) )
p 2 + 2 +
0.4 -0.2 0 0.2 0.4 -1.5 -1 -0.5 0 0.5 1
Drift Angle (%) Drift Angle (%)
(a) Maximum drift angle in the 3 x 5 building (left) (b) Maximum drift angle in the 5 x 2 building (right)
Without Pounding =With Pounding Without Pounding =With Pounding
5 5 -
4 4
>
[
S 3+
)
2 4

[T

1000 2000

7 N\, .

-4000 -2000 0 2000 4000 -2000 -1000 0
Shear Force (kN) Shear Force (kN)

(c) Maximum story shear force in the 3 x 5 building (left) (d) Maximum story she(erxirgft?tr)ce in the 5 x 2 building

Without Pounding ~ =With Pounding Without Pounding  -=With Pounding

5 r 5 r
4 |
>
o
s3 r
(9]
P 2 L
Il I 1 » Il Il Il I
50 100 150 2

00

H

Energy (kJ)

Energy (kJ)

(e) Hysteretic energy in the 3 x 5 building (left) (f) Hysteretic energy in the 5 x 2 building (right)

Without Pounding =With Pounding Without Pounding =With Pounding

N f? w

Storey
w

Storey

+ Es

-4 2 0 2 4 5 0 15
Acceleration (g) Acceleration (g)
(g) Maximum absolute acceleration inthe 3 x 5 (h) Maximum absolute acceleration in the 5 x 2 building
building (left) (right)

Fig. 7 — Responses with / without pounding. 3 x 5|5 x 2; k = 2246 KN/mm (oo = 5); £=0.1 (r = 0.729); d = 2 cm.
Northridge Saticoy St. (NP C) (Table 4)
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5. Conclusions

These preliminary results show regular and expected behavior. This validates accuracy and reliability of the used
model. Further research is currently in progress; a new formulation for estimating the parameters is developed.
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