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Abstract: Pounding of two adjacent structures is one of the factors that cause damage and hinder
sustainable use of reinforced concrete (RC) frame structures under strong ground motion excitations.
This study developed a pounding analysis method with a refined beam-column element in order to
solve the pounding problem between two RC frame structures. The analysis method combines the
fiber beam-column element model with the element sections discretized into concrete and longitudinal
rebar fibers, the Hertz-damp contact element model to describe the pounding between beam-column
elements, and the method to integrate the pounding force into the system dynamic equilibrium
equation. The pounding can be considered either at the level between the story slab to slab or at
the level between story slab to mid-column. The application of the proposed method in pounding
analyses to provide a rational seismic separation gap between two adjacent RC frame structures is
finally conducted to increase their safety and sustainability under strong earthquakes.

Keywords: earthquake; pounding; adjacent frames; beam-column element; rational separation gap

1. Introduction

The damage of structures in strong earthquakes causes economic loss, casualties and downtime.
Pounding between adjacent structures is the one of the reasons that causes such damage and is
commonly observed after strong earthquakes, e.g., 1971 San Fernando earthquake [1], 1985 Mexico
earthquake [2], 1989 Loma Prieta earthquake [3], 1999 Taiwan Chi-Chi earthquake [4], 2008 Wenchuan
earthquake [5], 2011 Christchurch earthquake [6,7], and 2015 Gorkha Earthquake [8]. Usually, the
pounding becomes the source of local damages and in some cases it may even lead to collapse of the
structures. Pounding occurs in adjacent structures due to the difference of their dynamic properties
and the insufficient seismic separation gap between them.

Studies on structural pounding during last two decades have been extensively conducted. Besides
some experimental works [9-11], the researchers used various numerical structural models and
different models to describe poundings. Structures are generally idealized as lumped mass story
models with single degree of freedom (SDOF) systems or multi-degree of freedom (MDOF) systems.
Pantelides and Ma [12] studied the dynamic behaviors of a SDOF system with one-sided pounding
during an earthquake. Muthukumar and DesRoches [13] studied the cogency of various pounding
models in capturing the seismic pounding response of adjacent structures. Dimitrakopoulos et al. [14]
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used the dimensional analysis method to study the earthquake-induced pounding between adjacent
structures. Cole et al. [15] studied the effects of mass distribution on pounding response of structures.
Crozet et al. [16] studied the sensitivity of the response of pounding buildings with respect to structural
and earthquake excitation parameters. Studies based on the MDOF systems had also been conducted.
Jankowski [17] studied the earthquake-induced pounding between equal height buildings with
different dynamic properties. MDOF systems to represent the isolated structures were used by some
researchers [18-23] in order to studied the earthquake-induced poundings of seismically isolated
buildings with adjacent structures. Generally, the studies using lumped mass models focus on the
structural story responses.

Endeavors on structures with beam-column models and different pounding models were also
performed. Rojas and Anderson [1] analyzed the seismic pounding of an 18-story structure at its
bottom part with beam-column elements and 5-link version of a gap element and a damper link type
of element. Efraimiadou et al. [24] studied the effect of different structural configurations on the
pounding between adjacent planar reinforced concrete (RC) frames subjected to strong earthquakes,
with contact springs in Ruaumoko software [25]. Pratesi et al. [26] analyzed seismic pounding of a
RC bell tower with beam-column elements and 5-link version of a multi-link viscoelastic pounding
model. Chujo et al. [27] studied the seismic pounding of adjacent RC structures damaged in 1985
Mexico earthquake, in which they used the beam-column elements with a linear viscoelastic pounding
model. The above studies required the pounding occurred between the two element nodes rather than
within the beam-column element itself. There were also studies that used more complex numerical
models (e.g., reference [28]) in order to obtain the pounding response at the material levels but with
high computational cost.

In practical applications of pounding analyses, a seismic separation gap is commonly set between
two adjacent structures in order to avoid pounding damage in earthquakes. However, the width of
the seismic gap cannot be unlimited in most cases due to practical constraints, and an economic gap
is therefore preferable. Several studies have been focused on this topic, e.g., references [29-31]. In
general, modeling strategies based on beam-column elements are better than that based on lumped
mass story models, because the former can provide estimations at both the story and member levels, as
well as keep acceptable computational cost. In this study, a fiber beam-column element model and
analysis method that can consider the pounding is firstly developed, then the proposed method is used
in pounding analyses for providing a rational seismic separation gap between two adjacent RC frames.

2. Beam-Column Element Model

The developed beam-column element is a two-dimensional element. The element formula follows
the Euler-Bernoulli third-order beam-column element, which its displacement interpolation functions
use linear Lagrangian polynomials and three-order Hermitian polynomials for axial and transversal
displacements, respectively. Because the widely used of such catalog of third-order beam-column
element, basic formulas for derivation of this type of element (i.e., element stiffness matrix, element
consistent mass matrix, and element equivalent nodal loads) can be found in many research texts
and textbooks [32,33], which are not repeated here. The fiber section model is used to describe the
section axial and flexural force-deformation behaviors. The derivations of section stiffness matrix,
section resistance moment and axial force vectors can refer to existing studies, in this study, the method
provided in the classic literature which initially proposed the fiber beam-column model [34] (Equations
(27) and (28) in the reference) is used.

2.1. Concrete and Steel Materials

Each fiber in section is assigned with a specific uniaxial stress-strain relation representing either
the unconfined concrete, confined concrete or steel rebars. The adopted material constitutive models
in this study for concrete and steel rebars are the widely used models up to date, even though
more accurate and completed models have been published in recent years, they offer a good balance
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between simplicity and accuracy. This section gives a brief introduction on the adopted material
stress-strain relations.

The modified Kent-Park concrete constitutive model as shown in Figure 1a is adopted to mimic
the material behaviors of the unconfined and confined concrete. The envelop curve of this model
is initially proposed by Kent and Park [35] as extended by Scott et al. [36], then extended again by
Yassin [37] for cyclic loading and taken into account the concrete damage and hysteresis. In the
figure, f. is the concrete compressive strength in MPa, K is a factor which accounts for the strength
increase due confinement, E. is the initial tangent modulus, ¢ is the concrete strain at maximum
stress, 30" and ey are unconfined and confined concrete strain at 20% of maximum stress, respectively.
The point P is used to define the degradation of stiffness that the projections of all reloading lines
intersect at that common point. This concrete material has degraded linear unloading/reloading
stiffness and no tensile strength. Detailed formulas and rules governing envelop (O—A—B—H branch)
and unloading/reloading behaviors (B»C—D—E—G branch) are based on the study by Yassin [37]
(Equations (2.22)—(2.40) in the reference).

Confined

(a) Concrete (b) Steel rebar

Figure 1. Uniaxial material constitutive relations of concrete and steel rebar.

The material behavior of steel rebar is described by the constitutive model proposed by Menegotto
and Pinto [38] as shown in Figure 1b. In the figure, 0, and ¢, are the stress and strain at the point of
modulus change, E; and Eg, are the initial modulus and slope of a straight-line asymptote of the stress.
Detailed formulas and rules governing hysteretic behaviors are based on the study by Spacone [39]
(Equations (3.9)(3.12) in this reference). In this model, the parameters Ry = 20, a; = 18.5, and a; = 0.15
are used in the analyses. The above steel rebar constitutive model is extended to include the prediction
of the rebar buckling and description of the post-buckling behavior. The implementation is a complex
procedure and the formulas and rules are based on the study by Talaat [40] (Equations (2.12)—(2.38) in
the reference).

Using damage indices with a range from 0 to 1 is a straightforward way to describe the damage
degree of an element. For the beam-column element, the damage indices for axial force and bending
moment at section level are firstly calculated by using the damage index formulas proposed by
Talaat [40] (Equations (3.42)—(3.43) in the reference). Then, the elemental damage index is represented
as the maximum value of the section damage indices among all integration points. In the study, the
Gauss-Lobatto integration scheme is used to solve the integrals relevant to the element formulas and
five integration points are used for each element.
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2.2. Verification of Element Model

The developed beam-column element involves a series of components, e.g., the third-order
beam-column element, uniaxial material models of modified Kent-Park and Menegotto-Pinto for the
fiber section, the rebar buckling behavior, and the element damage index to describe the damage degree.
Three verification examples for the developed material and element are conducted, in which the first
and second examples verify the rebar material behavior with buckling and the third example verifies
the cyclic loading performance of a cantilever RC column. The monotonic and cyclic loading rebar
buckling tests are used, respectively. Figure 2 shows the comparison results between the numerical
predictions and the monotonic compression rebar buckling tests by Bae et al. [41] for nine levels of rebar
slenderness ratio L/d =4,5,6... ... , 12. Figure 3 shows the comparison results between the numerical
prediction and the cyclic loading rebar buckling test with slenderness ratio L/d = 11 conducted by
Monti and Nuti [42]. These two figures show that the method for predicting the rebar material behavior
in this study can capture the tested rebar stress-strain curves and the bulking behavior of rebars.
Figure 4 shows the prediction results on a cyclic loading test of a RC column (side column specimen)
performed by Lu [43]. The comparison shows a good match between the numerical prediction and the
test result. The beam-column elemental mesh is one in the numerical analysis and Figure 5 provides
the development of elemental damage index of the RC column during the cyclic loading.
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Figure 2. Comparison between the numerical results and test results by Bae et al. [41] (Line from up to

down corresponds to specimen slenderness ratio L/d =4,5,6 ... ... , 12. Dot line: numerical results;

Solid line: test results).
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Figure 3. Comparison between the numerical results and test results by Monti and Nuti [42] (Specimen
slenderness ratio L/d = 1. Dot line: numerical results; Solid line: test results).
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Figure 4. Prediction results on a cyclic loading test of RC column by Lu [43] (side column specimen).
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Figure 5. Development of elemental damage index during the cyclic loading test of RC column.

3. Integration of Pounding in the Element Model

3.1. Contact Element

Two modeling techniques have been primarily used: the stereo-mechanical method and the
contact element method. The stereo-mechanical method is not easy to implement into the existing
finite element method and software for analysis of MDOF structures [13]. Therefore, the contact
element method is used in this study. This method is a force-based approach, which uses an activate
contact element once contact occurs and delete the element when there is no contact. The pounding
force can be seen as a complementary loading restricts to the original system dynamic equilibrium
equation. Commonly there are four pounding models, i.e., the linear-spring model (this model is
regarded as impractical as it cannot account for the energy loss during collision), the Kelvin model
(this model is regarded as impractical as it results in tensile forces acting on the bodies just before
separation), the Hertz model (this model is regarded as impractical as it fails to include the energy
dissipation during collision), and the Hertz-damp model [13]. The Hertz-damp model can overcome
the shortages of the above-mentioned models and it is used in this study. The following contact force
(F¢) formulas of Hertz-damp model is originally used in areas of robotics and multi-body systems, and
firstly introduced into the structural engineering area by Muthukumar and DesRoches [13], this model
is based on the Hertz law and using a non-linear damper

Fe = ky(u1 =2 = gp)" + (it —it), 1 1 = gp 2 0 )
Fe=0,u1—up—gp <0

where k, is the contact stiffness, generally set as 2.0 X 10° kN /m?3/2 for concrete structures [44]; 11 is the
Hertz coefficient for describing a nonlinear contact force-deformation relationship, which is typically
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taken as 3/2; uy — up — gy is relative penetration (compression deformation), in which uy, u, and g, are
the displacements of the contact pairs along the contact axis and the gap between contact points; the dot
denotes differentiation with respect to time; ¢, is the damping coefficient, which can be calculated as

cp = &(uy —up — gp)" 2)

where ¢ is the damping constant. The derivation of & is by equating the energy loss during
stereo-mechanical collision to the energy dissipated by the damper, then a formula for the damping
constant (&) can be expressed in terms of the spring stiffness (k;,), the restitution coefficient (¢) and the
relative approaching velocity (vg), as follows [45]

 Bky(1-¢€?)

¢ 4"00

®)

Other methods to determine the damping constant (£) were also proposed for a better
accuracy [46,47]. In the study by Ye et al. [46], who thought that the Equation (3) is valid only
for the case of restitution coefficient (¢) approximating one and pointed out the logical relationship
between {and e (i.e,e=1—&E=0and e =0 — & = o) can’t be reached by Equation (3). Therefore, they
derived a more theoretically rational approximating formula for the damping constant (&), as follows

. Skh(l —e)
- Bewy

(4)

Hence, the force during pounding in Equation (1) can be expressed as Equation (5). Because the
theoretically rational of Equation (4), Equation (5) for calculating the collision force is finally used
in this study. The restitution coefficient (e) used to simulate real collision in structural engineering
commonly varies in the range of 0.5 and 0.75, and 0.65 is adopted in the analyses.

n 8(1-e) , - .
{ Fe = ky(ui —uz—gp)" |1+ S0 (w1 —up) |, uq —up—gp 20
Fe=0u1—up—gp <0

©)

3.2. Compression Deformation

The compression deformation of the Hertz-damp model needs to be calculated firstly and then
calculation of the pounding force. There are two typical pounding situations between adjacent frame
structures as shown in Figure 6, including (1) When the heights corresponding to story slabs of the two
adjacent structures at which pounding occurs are same, pounding will be between the beam-column
joint to joint (i.e., the pounding occurs at the level of story slab to slab. See Figure 6a); (2) Otherwise,
the pounding may occur between the story slab and a point within the column (i.e., story slab to
mid-column. See Figure 6b). In the finite element model to simulate the first situation, the pounding
occurs between two elemental nodes; and for the second situation, the pounding may occur between
two elemental nodes or between the elemental node and the mid-element.

For the first situation, the compression deformation of the Hertz-damp model can be directly
expressed by using the structural nodal displacement vector. A vector is defined as follows to locate
the pounding point.

TDOF! TDOF>
[4]F=[0 - 010 « 00 -+ 01 0 - 0] ©)
_ —_——
DOF}* DOF2*

i m

where [AS];;z is the position transfer coefficient vector for the k-th contact nodal pair; TDOF is total degree

of freedoms of the structure, the superscript “1” and “2” denotes structure 1 and structure 2; DOFZ.L” is
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the position of horizontal displacement component at node i of structure 1 in the structural displacement
vector in the global coordinate system; DOF%" is the position of horizontal displacement component at
node m of structure 2 in the structural nodal displacement vector in the global coordinate system.

nodei
nodei nodem . nodem
column #
% uf usy y ufy' ugy’

node;

Structure 1 J Structure 2 Structure 1 P Structure 2

0] X & [0} x &
(a) Story slab to slab (b) Mid-column to story slab

Figure 6. Two typical situations in pounding of adjacent frame structures.

The compression deformation 6;’37 at the k-th contact nodal pair in the global coordinate system
can be expressed as
81
] 1 }-oi - 7)

where {q}g’l and {q}g’2 are nodal displacement vector of structure 1 and structure 2 in the global
coordinate system. Note that the gap is not considered in Equation (7) for brief but it is easily to
be added.

For the second situation, the horizontal displacement at pounding point N (see Figure 6b) needs
to be firstly derived. Because in the finite element analysis procedure, only the elemental nodal
displacement is recorded, the horizontal displacement at point N is certainly relevant to the element
nodal displacement which the element includes the point N. As shown in Figure 6b, the displacement
vector of point N in the global coordinate system is taken as

- % | ®
N | 81

Ucl

where {613\}1} is the compression deformation at the I-th contact nodal pair in the global coordinate

system; ufl’l and vfl’l are the horizontal and vertical displacement components at pounding point N in
the global coordinate system.

The compression deformation {6%1} can be expressed in element coordinate system as follows

o5} = [T15{o%/ ) ©)

where [T]Zl,; is the transfer matrix for displacement vector of element # at point N in structure 1 from
element coordinate system to global coordinate system;{éi}l} is the compression deformation in element
coordinate system. The element displacement interpolation functions ([N] igl) used in Section 2 for the

third-order beam-column element is adopted, therefore

o5} = NI (o) (10)
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where {6}‘;;1 is the nodal displacement of element i° at point N in structure 1 in element coordinate
system. The {(S}fg1 can be represented in global coordinate system as

o1t = [T Me)s! (11)

iB iﬂ Z'L’

where [T] ‘l.%e’l is the transfer matrix for nodal displacement vector of element ¢ in structure 1 from global

coordinate system to element coordinate system; {6};.%’1 is the nodal displacement vector of element * in

the global coordinate system.
According to Equations (8)—(11), the following equation can be obtained

g1
u 18l
{ 4 } = [T]R NS )37 ()8 (12)
v
cl
—11
Set [T]ie as the transfer coefficient matrix from the nodal displacement vector of structure 1 in
the global coordinate system to the nodal displacement vector of element i in the global coordinate
system. Thus

(01" = [T].ta1”! (13)

where [T]; isa DOFile X TDOF! matrix consisting of 0 and 1; TDOF! is the dimension of the structural
displacement vector of structure 1; DOF}E is the dimension of the nodal displacement of element i* in
structure 1, for planar beam-column element, DOF}E =6.

According to Equations (12) and (13), the following equation can be obtained and expressed in a
brief form

us! 1 el pmged =11 1g1 1) gl
S o= TN T Tl Aal = (B ol (14)

cl

where [Bs]‘f’1 is the transfer coefficient matrix from structural nodal displacement vector to the horizontal
and vertical displacement components at pounding point N in the global coordinate system

g1
BJ§" = (THNI M [T, = { it } 5

where the subscripts s1 and s2 correspond to the horizontal and vertical components. If denotes the
position of horizontal nodal displacement of node N in structure 2 in structural nodal displacement
vector 2 as DOF>", Equation (6) can be changed to

TDOF?
[1‘1s]}g=[[/3sl],g’1 0 - 010 - 0] (16)

DOF}"

Similar to Equation (7), the compression deformation 6§'g at contact pair / can be expressed in the
following Equation
gl
g) 4} 8 _
[As],{ ()52 }—51 =0 (17)
The above derivations correspond to the collision occurs within the column in structure 1 and
at the story slab in structure 2. If the collision occurs at the story slab in structure 1 and at within
the column in structure 2, same derivation procedure can be adopted and will not be provided here
again in the study for brief. In the calculation, it is easy to distinguish the pounding cases and use
the formulas.



Sustainability 2019, 11, 4928 9 of 20

If there are N_ysion, contact pairs in the two structures, a packing equation for the compression
deformations can be given as

i i
[A;]z { :Ziil } - 62 —0 (18)
Ao N
A brief expression of Equation (18) can be given as
[Als{q} = 10)s = 0 (19)

where [A], is the transfer coefficient matrix for contact nodal pair; {7} is nodal displacement vector of
structure 1 and structure 2 in the global coordinate system; {0}, is compression deformation vector at
contact nodal pairs in the global coordinate system.

3.3. Pounding Force

The penetration velocity 11 — i1, at the contact nodal pair used in Equation (5) can be calculated
by differentiate the penetration displacements within the time step. Therefore, the pounding force at
the contact nodal pair can be calculated. Then, the pounding force will be expressed by the format of
external equivalent nodal loads.

Assuming the pounding forces on structure 1 and structure 2 at k-th contact nodal pair are

Fu,l _F
e ={F*} (20)
F ck ck
where k will change to ! if it is at [-th contact nodal pair.

For the first situation, the equivalent nodal load vector of structure in global coordinate system
can be easily obtained by the Equation

expressed as the following Equation

TDOF! TDOF?
{Pc}k:[() o 0 =F, 0 .- 00 --- 0 F, 0 --- 0] @1)
%,—/
DOF!* DOF>*

m

For the second situation, the contact force at pounding point N needs to be firstly transferred to
the elemental coordinate system, and then expressed by the equivalent elemental nodal load induced

by the pounding as
11 vrf B4 17) —F
{FN= = [T] i d = [T] i d (22)
0 0
e 11¢ LT _Fck
(Felfe = INsl[\ PR} = Vel TS (23)
where [Ni]|, is the matrix of elemental displacement interpolation functions of element i at pounding

point N in structure 1; the superscript T denotes matrix transpose. Transfer the equivalent elemental
nodal load from the elemental coordinate system to the global coordinate system

wﬁzmwmmﬂﬂﬂwum?{ﬂﬂ (24)

i€ i
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—1l
The matrix [T]ie is used to get the elemental equivalent elemental nodal load vector for structure 1
in global coordinate system

) = [t = [T vl {5 | @

Therefore, if denotes the position of pounding force of node m in structure 2 in structural nodal
load vector as DOFZ%", we can get

TDOF?
T
{}=f{p} 0 - 010 - 0O (26)

DOF2"

If there are N ,jision, contact pairs in the two structures, a packing equation for the structural
equivalent nodal load can be given as

Neoltision
(Ph = Y. P,
k or I=1

(27)

or [

3.4. Integration into System Equation

The Equation (27) can be seen as external nodal loads on the structures, which can be integrated
into the system dynamic equilibrium equations of motion of the two adjacent structures. Newmark
implicit numerical integration method is used with a default incremental time step of 5 x 1073 s. The
time step can be automatically interpolated into a small value by checking whether the pounding occurs.

4. Pounding Analysis for RC Frames

4.1. Building Information and Selected Ground Motions

Two RC frames with 5 stories (J-1 frame) and 11 stories (J-2 frame) are modeled to illustrate
the collision analysis and discuss on the rational seismic separation gap. The two frames are with
regular configuration, as shown in Figure 7. The fundamental periods are 1.11 s and 2.23 s for the
5-story frame and 11-story frame, respectively. For detail information of these RC frames, such
as cross-section dimensions of beams and columns, and materials of concrete and steel rebars, are
provided in Tables 1-3 shows a total of 24 records of horizontal components of ground motion records
selected for the pounding analyses and determination of the rational separation gap between the two
frame structures. These ground motion records are recommended by the standard of general rule for
performance-based seismic design of buildings [48].



Sustainability 2019, 11, 4928

11 of 20

%% S
A N ¥
X [«
< N =
g
E £
= S
A B C D g A B C D 3
S S SS S S S S 7/
\L N \L % -
6000mm  2400mm  6000mm 6900mm  2700mm 5400mm

(a) 5-story, J-1 frame
Figure 7. RC frames used in pounding analysis.

Table 1. The section and rebar information of beams in J-1 and J-2 frames.

(b) 11-story, J-2 frame

Cross-Section Size (mm X mm)

Middle Beam Area

2

Frame Floor C(,)rl;::te Height x Width Beam Ends Area (mm?) (mm?)
AB BC CD A B C D AB BC CD
-1 1-4 C30 500 x 250 400 x250 500 %250 1008 1008 1008 1008 763 763 763
5 C30 500 x 250 400 x 250 500 x 250 763 763 763 763 763 603 763
14 C30 600 x 250 400x 250 500x250 1610 1964 1964 1473 833 1074 833
J2 5-6 C30 600 x 250 400250 500250 1610 1964 1964 1473 833 833 710
7-10 C30 600 x 250 400250 500x250 1256 1256 1256 1256 833 710 603
11 C30 600 x 250 400 x 250 500 x 250 942 942 942 829 833 710 603

Note: As shown in Figure 7, AB, BC, and CD are first, second, and third bays; A, B, C, and D are axes; the compressive
strength is 30 MPa for concrete; the yielding strength is 400 MPa for longitudinal rebars; the yielding strength is
235 MPa for stirrups with ®8@100/200; The rebars are continuing along the beam.

Table 2. The section and rebar information of columns in J-1 and J-2 frames.

Cross-Section Size (mm X mm)

Area (mm?)

Concrete
Frame  Floor Type Side Col Middle Side Middle
1de Lolumn Column Column Column
J-1 1-5 C30 500 x 500 500 x 500 2512 2512
J2 1-6 C30 600 x 600 600 x 600 3807 3807
7-11 C30 550 x 550 550 x 550 3411 3411

Note: The compressive strength is 30 MPa for concrete; the yielding strength is 400 MPa for longitudinal rebars; the

yielding strength is 235 MPa for stirrups with ®8@100/200.
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Table 3. The selected ground motion records (24 records).

12 of 20

Number Earthquake Station Direction
1 1979, Imperial Valley, CA El Centro, Array #5 140
2 1979, Imperial Valley, CA El Centro, Array #5 230
3 1979, Imperial Valley, CA Centro, Array #10 50
4 1979, Imperial Valley, CA Centro, Array #10 320
5 1979, Imperial Valley, CA Meloland Overpass FF 270
6 1985, Michoacan, Mexico La Union 90
7 1985, Michoacan, Mexico La Union 180
8 1992, Landers-28 June Amboy 0
9 1992, Landers-28 June Joshua Tree-Fire Station 0
10 1994, Northridge Canoga Park S74E
11 1994, Northridge Canoga Park S16W
12 1992, Landers-28 June Yermo-Fire Station 270
13 1992, Landers-28 June Yermo-Fire Station 360
14 1949, Western Washington Olympia Hwy Test Lab 356
15 1995, Kobe Takarazuka 0
16 1995, Kobe Takarazuka 90
17 1979, Imperial Valley, CA El Centro, Array #6 140
18 2001, Yongsheng, China Qina NS
19 2001, Yongsheng, China Qina WE
20 1976, Tangshan, China Hujialou NS
21 1976, Tangshan, China Hujialou WE
22 1996, Atushen, China Xikeer WE
23 1976, Tangshan aftershock, China Tianjin Hospital NS
24 1976, Tangshan aftershock, China Tianjin Hospital WE

4.2. Pounding Analysis and the Rational Separation Gap

The first ground motion record from Table 3, as shown in Figure 8, from 1979 Imperial Valley
earthquake at station of El Centro, Array #5 (140 component) is selected to illustrate the pounding
analyses. The 24 of ground motion records are then used for analyze the rational separation gap. The
ground motion intensity is scaled to PGA = 0.4 g, which corresponds to the rare earthquake intensity
at the building site (seismic hazard of 2-3% probability of exceedance in the 50 years).

500
Iy .
—~ o 0 hilly
&2 A A NN LML R o o o s
£ b e ot 1Ll (D R L2k ha -
£ | A\
A I 1
O I
Q -500F i Z
<
1 ——1979,Imperial Valley, CA, El Centro, Array #5, 140 1
-1000 L T T T T T T
0 5 10 15 20 25 30 35 40
Time (s)

Figure 8. Ground motion from 1979 Imperial Valley earthquake (El Centro, Array #5, 140).

Figure 9 shows the pounding forces at positions of J-1-D1 (1st story in axis D in J-1 RC frame)
and J-1-D5 (5th story in axis D in ]J-1 RC frame). The figure illustrates that the pounding force and
pounding frequency generally increase as the separation gap decreases. The pounding force and
pounding frequency of upper stories (e.g., 5th story) are more serious than those of lower stories (e.g.,
1st story). Figure 10 shows the horizontal acceleration and displacement responses at positions of
J-1-D1 and J-1-D5. It seems that the pounding increases acceleration and displacement responses in
most cases. The final states of beam and column damage indices are shown in Figure 11.
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Figure 9. Pounding forces at the 1st and 5th stories in axis D in J-1 RC frame under ground motion (El
Centro, Array #5, 140). The separation gaps between two frames are D = 10 mm, 30 mm, 50 mm,70 mm,

and 100 mm.
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Figure 10. Horizontal accelerations and displacements at the 1st and 5th stories in axis D in J-1 RC

frame under ground motion (El Centro, Array #5, 140). The separation gaps between two frames are

D =10 mm, 30 mm, 50 mm,70 mm, and 100 mm.
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(a) No pounding (b) D =100 mm (c) D =70 mm

(e) D =30 mm (f) D =10 mm

Figure 11. Beam and column damage indices at the final states under ground motion (El Centro, Array

#5,140). (0 M 1).

Pounding aggravates member damage indices around the pounding point, and the damage
indices of other members may increase or decrease. Therefore, the structural damage is complex by
including poundings. Although local damage is important in pounding but the global damage is more
important when evaluation of a structure under earthquake loads. A structural damage index D;
shown as Equation (28) is used here to describe the global damage of the structure. Considering the
correlation between the structural global damage and each beam is generally same, i.e., the contribution
to structural global damage by beams in different stories may not have large differences, the weights
of all beams are set with a same value. Assuming that the correlation between the structural global
damage and each column generally decreases from lower stories to upper stories, the weights among
different stories is set with the reciprocal of its story number and the weights of columns within a story
are proportional to its axial stiffness.

Ds = Z iABeamiDBeam + Z jAColumnjDColumn (28)
All  beam All  column
where ,
iA = 29
I\ Beam 2Nsomm (29a)
i 1
. JStor
A = Ty — (29b)
j Story

Story
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.1 Col .
]Aszy;fymn “ JEAcotumn

iAcol = -
JColumn Z ]EAColumn

Column

(29¢)

In which iABeam, IDBeam, jACotumn and jDcopmn are the weight and damage index of beam and column,
respectively; Npg, is the number of beams; jAgfglfm” is the sum of weights of columns in j-th story;
JEACotumn 1s the axial stiffness of columns in j-th story. The calculation of elemental damage index of a
beam or column is same as that in Section 2.1.

Figure 12 shows the structural damage index varied with the separation gap between the two RC
frames. The figure illustrates the structural damage index is not linearly relevant to the separation gap.
However, it seems that the structural damage will become to a constant value, i.e., it does not increase
to larger values, when the separation gap is larger than a threshold value. In addition, the threshold
value can use a value smaller than the required separation gap so no pounding occurs (see the damage
index variation between the line for advised gap and line for no pounding in Figure 12). In this study,
the advised threshold value is set as the separation gap, which after it the variation of the structural
damage index is no larger than 2% of the maximum structural damage index. Follow this definition
of a threshold value, more spaces between two adjacent structures can be saved to create additional
economic profits in practical engineering projects. The 24 ground motion records in Table 3 are used to
calculate the advised separation gap and required separation gap with no pounding. Figure 13 shows
the calculated results and the mean ratio of the advised separation gap and the required separation
gap with no pounding is about 0.9. In general, if the separation gap is set as 500 mm, there are over
85% probabilities that the damages are no more than that the damage without pounding.

1

The advised gap \ 4

Damage Index
o o
N

0 50 100 150 200 250 300 350
Gap (mm)

Figure 12. Structural damage index varied with the separation gap under ground motion (EI Centro,
Array #5, 140).
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Figure 13. Advised separation gap and required separation gap with no pounding.
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5. Conclusions

This study proposed a finite element analysis method with a refined beam-column element in
order to solve the pounding problem between two reinforced concrete (RC) frame structures under
strong ground motion excitations.

(1) The fiber beam-column element model is adopted and the element section discretized into
concrete and reinforcement fibers with hysteretic models while considering bucking behaviors.
The formulas that integration of the beam-column element and Hertz-damp contact element are
proposed. The pounding can be considered either at the level between the story slab to slab or at
the level between story slab to mid-column.

(2) The application of the proposed method in pounding analyses to provide a rational seismic
separation gap between two adjacent RC frame structures is conducted. It seems that the structural
damage may not linearly vary as the separation gap reduces, but it may remain nearly unchanged
when the separation gap is larger than a threshold value. The threshold value is smaller than
the required separation gap meaning no pounding occurs. This value can be set as the rational
seismic separation gap.

(3) The proposed method can be used in damage analysis for structures which may be influenced by
pounding or used to provides a rational seismic separation gap in a probabilistic way by analyses
of a series of ground motion records at a specific earthquake intensity, in order to increase the
safety and sustainability of a structure in earthquakes.
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