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Abstract Determination of capacities of structural mem-
bers, both in terms of strength and deformation, and esti-
mation of seismic demand are essential issues in earthquake-
resistant design. In energy-based design and evaluation, both
the structural capacity and the demand imposed by earth-
quake are considered in terms of energy and accordingly
energy dissipation capacity of the structure is associated with
seismic energy demand. Plastic energy dissipation of struc-
tures under monotonic lateral loading may be obtained by
using the resultant pushover curves of nonlinear static anal-
yses. However, the time variation of individual contribution
of structural members to the dissipated plastic energy can-
not be determined. In this study, the contribution of beam
and column deformations to the plastic energy dissipated in
multistory reinforced concrete (RC) frames is determined
by using nonlinear time history (NLTH) analysis. It is found
that rotational deformations of beams are dominant in plastic
energy dissipation. Accordingly, some linear relations con-
sidering the contribution of dissipated plastic energy in beam
plastic hinges to the total plastic energy dissipation of RC
frames are derived. Pushover analysis of frames in conducted
and the area under the resultant pushover curve is determined
to satisfy the mean value of the maximum plastic energy
dissipated in frames during the selected earthquakes. The
interstory drift ratios are calculated and compared with the
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interstory drift ratios directly obtained from NLTH analyses.
The results are evaluated and presented by graphs and tables.
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1 Introduction

Structures are designed to withstand severe earthquakes
which are expected to occur rarely during their economical
lives. Although earthquake-resistant structures may expe-
rience moderate or heavy damages, the crucial aspect of
seismic design is to prevent the total collapse of structures
and unreasonable failure modes, such as soft-story or local
failure mechanism. Strength, displacement and energy-based
methods are currently used in earthquake-resistant design
and evaluation of structures. Since structural damage is asso-
ciated with irrecoverable hysteretic energy (i.e., plastic strain
energy), a promising way for determination of structural
damage in nonlinear behavior is the use of energy-based
methods among these methods [1,2]. The use of energy
concepts in earthquake-resistant structural design is first
introduced by Housner, and the energy dissipated by linear
elastic and nonlinear behavior of structural systems, the max-
imum energy of the structures and energy-based limit design
issues are widely emphasized and demonstrated [3].
Earthquake effect is considered as energy input to the
structure in energy-based design methods, and it is inves-
tigated whether the structural energy dissipation capacity
is sufficient to meet earthquake energy demand or demand
exceeds capacity. Since nonlinear properties of structural
elements directly affect many characteristics of the whole
structure such as ductility, displacement and energy demand,
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plastic hinge mechanism and energy dissipation capacity,
effective design of structural elements under earthquake
impacts is a substantial matter. Cross-sectional dimensions
and geometry, longitudinal and transverse reinforcement
ratios and details, material strengths, plastic hinge length
and external loads acting on members are the main param-
eters having an impact on nonlinear energy dissipation of
structural members, and in this manner, characteristics of
members have a great importance on determination of energy
dissipation of structural systems in nonlinear behavior. Seis-
mic energy demands on structures also depend on nonlinear
properties of structural elements. The rotational hysteretic
behavior of beam and column members and additional plas-
tic axial deformations of columns under earthquake loading
have a direct influence on seismic energy demand, as well
as energy dissipation capacity of structures. The frequently
used analysis method for the determination of earthquake
input energy and energy demand is nonlinear time history
(NLTH) analysis.

There are some important prior studies in the literature up
till 2000s about the energy-based structural design and evalu-
ation. They usually deal with determination of seismic energy
dissipation in structural members and systems subjected to
different types of loading and use of energy parameter as a
structural design criterion [4—11]. Also, in the last decade
the use of energy concept in earthquake and structural engi-
neering had received wide press coverage through scientific
researches. The major part of these researches constitutes
of structural dynamic analyses, energy-based concepts and
design and evaluation methods. Nonlinear dynamic analy-
ses and hysteretic energy demands of RC frames are widely
investigated in many studies [12—-14]. Relevance of absolute
and relative energy content in seismic evaluation of struc-
tures is discussed in detail by Kalkan and Kunnath [15]. The
energy balance approach based on multimode pushover anal-
ysis to estimate seismic demands of buildings is researched
by Jiang et al. [16]. Seismic input energy is expressed in
Benavent-Climent by creating the design energy input spec-
tra based on Colombian earthquakes [17]. Plastic design
procedure is used in Terapathana’s study considering the
energy balance equality of frame structures [18]. The energy-
based procedure is used to obtain target displacements of
RC structures by Massumi and Monavari [19]. The energy-
based design is dealt with in Habibi et al. [20] for seismic
retrofitting. The new energy-based approach is used to pre-
dict the seismic demands of steel moment resisting frames
subjected to near fault ground motions by Enderami et al.
[21]. Energy dissipation of RC and steel members under
different loadings is widely investigated in many different
researches [22-26]. Some performance-based plastic design
procedures are developed [27-31] in some studies. The seis-
mic energy demand on structures is defined in the form
of input and plastic energy demand spectra in Dindar et
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al. [32]. Input and hysteretic energy spectra for far-source
ground motions, different hysteresis models and different
ductility levels are investigated in Mezgebo and Lui [33]. An
investigation is made by Hernandez-Montes et al. [34] con-
sidering energy components in nonlinear dynamic response
of SDOF systems. Hysteretic energy, as the main seismic
energy component, is analyzed and expressed by the spec-
trum in nonlinear systems as the ratio of hysteretic energy to
input energy by Akbag et al. [35].

Although there have been many studies in the literature
about the determination of total plastic and hysteretic energy
dissipations in structures due to earthquake excitations, there
are not many researches which directly calculate the ratio
of plastic energy dissipation in structural members such as
beam and columns in a frame structure. Accordingly, in this
study, plastic energy dissipation of five-story RC frames
under the selected earthquakes is calculated by means of
NLTH analysis. Plastic energy values corresponding to each
time steps of ground motion are determined, and accordingly
time variation of plastic energy is obtained graphically for the
structures. Plastic energy contribution ratios of beams and
columns are determined separately and presented in graphs
where the contributions of rotational deformations of beams
and columns and axial deformations of columns to dissipated
plastic energy are also shown. It is found that the most con-
tribution to the total dissipated plastic energy originates from
rotational deformations of beam members. Accordingly, the
correlation of the plastic energy dissipated in beam plastic
hinges with the total plastic energy dissipation of frames
yields some equations obtained from regression analysis.
Finally, the mean values of the maximum plastic energies
dissipated during the considered earthquakes are indicated
as an area in pushover curves. Interstory drift ratios which
correspond to mean of dissipated plastic energies are com-
pared to the interstory drift values from NLTH analysis.

2 Idealization of Cyclic Behavior of Structural
Members and Plastic Energy Definition

The plastic energy, which is defined as the energy dissipa-
tion during nonlinear behavior, may be thought as classical
work—energy principle. Accordingly, for a bending member
subjected to an earthquake excitation, the plastic energy is
formulated as in Eq. (1):

Epi = | M; - 6y (D

where M; corresponds to bending moment at any time instant
of earthquake, and E; is the plastic energy of the member.
Equation (2) yields the plastic rotation of the plastic hinge
formed in ith sequence (6y;), where 6; is the total rotation at
any time instant of earthquake and 6y; is the yield rotation.



Arab J Sci Eng (2017) 42:3761-3777

3763

0.15

0.1 1

0.05 4

0 4 Y T e —

-0.05 1

Acceleration (g)

I
|
0.1 - |-~ At

tg
0.15 ¢ 2 >
tj tj-1

Time

Fig. 1 Earthquake acceleration record sample
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Equation (1) may be rewritten as in Eq. (3) for a certain
ground motion time “¢”.

Epi—beam (M —0) = |Mi @) - epi (t)| 3

where Epjipeam (M — 0) is the time-dependent plastic energy
expression of a structural member, M;(¢) and 6,;(¢) are the
bending moment and plastic rotation at any time instant z,
respectively.

While the number of total recorded strong ground motion
isindicated by “m’ and the time interval for subsequent accel-
eration records is shown by “A¢” (¢;41 —t;), the duration of
an earthquake ground motion (fgQ) can be written as:

tgo = AL - (m—1) (4)

The above explained terms are shown on an earthquake
acceleration record sample in Fig. 1.

The total plastic energy dissipated in plastic hinges in RC
beam and column members of a frame structure under seis-
mic effects may be expressed as:

Epi—beam (M —0)+ Epi—column (M —0)

i=n [t=At(m—1)

D [Mii(t) - i (0]

i=1 t=0
i=k [t=At(m—1)

1 D0 IMa ) -6 ()] ®)
i=l1 =0

where Epipeam(M — 0) is the total plastic energy dissi-
pated in beam plastic hinges subjected to pure bending, and
Epi_column (M —0) is the total plastic energy dissipated in col-
umn plastic hinges under combined bending and axial load.
In Eq. (5), the subscripts b and ¢ stand for beam and column,
respectively, n is the total number of plastic hinges in beams
(i = 1ton) and k is the total number of plastic hinges in

columns (i = 1to k).t = At(m—1)corresponds to the dura-
tion of a ground motion. My;(t), Opbi(t), Mci(t) and Opci(t)
are the moment and plastic rotation values of beam and col-
umn plastic hinges, respectively, as functions of earthquake
motion time (¢).

Column plastic hinges may form for many different
(M¢; — N¢j) couples on interaction diagrams, which define
the capacity of column members. If axial deformations of
columns are considered in plastic energy calculations, the
total plastic energy may be written as follows:

i=n [t=At(m—1)

Z Ep,frame () = Z Z

| Mui (1) - Opvi (1)

i=1 t=0
i=k [t=At(m—1)
+ Z ’Mci (t)'epci (t)‘
i=1 t=0
i=k [t=At(m—1)
+ D N () - 8pei (1)
i=1 t=0

(6)

In Eq. (6), Opci(t) and dpci(¢) are the rotational and axial
plastic deformation of column plastic hinges, respectively,
N¢i(t) is the axial load corresponding to (M¢; — Ngi) cou-
ple which forms plastic hinge in the column, §p¢i(¢) is the
axial plastic deformation of the column when the axial
force is equal to N¢i(¢) and Y Ep frame (?) is the total plas-
tic energy of RC frame structure. The dissipated plastic
energy in the column [the last two terms of Eq. (6)] is the
function of M (1), 9pci (), N¢i(t) and (Spci (t)(Epi—column =
SIMci(1), Opei(t), Nei(t), Spei(?)]). Different (M¢; — Nei)
couples, which cause to form a plastic hinge in columns,
are shown in the interaction diagram in Fig. 2, where & and
sg are the reinforcement strains in tension and compression,
respectively, and e, is the ultimate strain value of the exterior
concrete fiber in compression.

Rewriting the plastic energy equality for RC frame in
Eq. (6) in general form yields Eq. (7):

Z Ep,frame () = Epi—beam (M —90)
+Epi—column (M —90)

+ D Ne - bpe (7)

where Y ’Nc . 8pc] corresponds to the general term of

yoi=k (zﬁz@’(’"*” | Nei (1) - 8pei (t)|> in Eq. (6). The total
plastic energy dissipation of a frame (D Ep frame (f)) may
be separated to two parts; Epjipeam (M — 6) indicates the
contribution of beam members to the total plastic energy dis-
sipation of a frame, and Epi-column (M — 6) + > ]NC . Spc|
corresponds to the contribution of column members to the
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Fig. 2 Cross section of RC
column, strain and interaction
diagrams

Nci

M.i

Fig. 3 Sample plastic hinge
mechanism and plastic energy
dissipation

Hito

v

total plastic energy dissipation in a frame due to nonlinear
behavior.

A sample plastic hinge mechanism of RC multistory frame
structure which is affected by a strong ground motion and
plastic energy distribution is shown in Fig. 3, where L is the
first span, Lia is the last span and Hgory is the story height.
Beam plastic hinges are expressed by red circles, whereas
column plastic hinges are expressed by green circles in the
figure. The sum of plastic energy dissipated in beam and
column plastic hinges in Fig. 3 gives the plastic energy dissi-
pation of the whole frame () E p.frame (#)) which is indicated

by Eq. (7).

3 Determination of Plastic Energy and
Contribution of Structural Members

Estimation of the earthquake plastic energy dissipation of
structures having certain plastic energy capacity is a substan-
tial issue in energy-based structural design and evaluation.
The total plastic energy dissipation of the frame structure in
nonlinear behavior, which is expressed by Eq. (7), is deter-
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mined graphically within the study. The plastic energy—time
(Ep —t) graphs of frames are obtained from NLTH analysis.
The maximum plastic energy dissipated during an earthquake
(Ep,max) may be determined by using these graphs express-
ing time-dependent variation of plastic energy dissipation. A
representative plastic energy—time (Ep — t) graph of a mul-
tistory frame structure is shown in Fig. 4.

The maximum plastic energy dissipated during an earth-
quake (Epmax) determined from NLTH analysis may be
associated with pushover curves of the structures obtained
from monotonic nonlinear static analyses. Plastic energy
dissipation in multistory structures during an earthquake is
converted to monotonic-type (plastic) energy taking only
positive values. The definition of maximum plastic energy
(Epmax) as an area in pushover curve is shown in Fig. 5,
where the displacement § corresponds to the maximum plas-
tic energy in the pushover curve.

In the study, all of the plastic energy is assumed to be
dissipated only in the plastic hinges. The dissipation of plas-
tic energy can be achieved through rotational deformations
of beam plastic hinges, whereas both rotational and axial
deformations of column plastic hinges may contribute to
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plastic energy dissipation. Accordingly, the contribution of
beam and column members to the plastic energy dissipa-
tion in frame structures is also investigated. Plastic energy
dissipated by rotational deformations of beam and column
plastic hinges and the contribution of axial plastic deforma-
tions to plastic energy dissipated in column plastic hinges
are determined separately by means of NLTH analyses. The
calculated energy contribution values of RC structural mem-
bers are shown in plastic energy—time (E}, — t) graphs, and
plastic energy dissipated in beam and column plastic hinges
is practically obtained by using these graphs (Fig. 6). The
contribution of rotational deformations of beam and column
plastic hinges and the contribution of axial deformations of
column plastic hinges to the total plastic energy dissipation
are also shown on the same graph.

A proportional distribution (almost a linear relationship)
between the dissipated plastic energy in frame and the plas-
tic energy dissipated in beam plastic hinges is observed from
Fig. 6. This observation leads to investigate a relation which
can be suited for practical use in estimation of the plas-
tic energy dissipated in a frame structure considering the
plastic energy dissipated by rotational deformations of beam
plastic hinges. Accordingly, the relationship between the dis-
sipated plastic energy in frame () E} frame) and the plastic
energy dissipated only in beam plastic hinges (3 Ep peam)
is assumed to be almost linear (Fig. 7). This assumption
may vary due to characteristics of frame and its structural
members and the sequence of plastic hinge formation. In

Roof Displacement (8)

Total Plastic Energy Dissipation

Contribution of Beam Plastic
Hinges

Plastic Energy

Time

Fig. 6 Plastic energy contribution graph

code-designed RC frame structures having regular distri-
butions in their mass and stiffness, where plastic hinges
concentrate first at beam ends and then at the bottom end of
ground columns, the significant contribution to the total plas-
tic energy dissipated in the frame comes from beam plastic
hinges. Equation (9) is used in order to introduce the linearity
between the total plastic energy dissipated in frame and the
plastic energy dissipated only in beam plastic hinges.

Z Ep,frame =m Z Ep,beam (Z Ep,frame“ Z Ep,beam)

or Z Ep,frame =m Z Ep,beam +n ®)

Equation (9) gives the slope of the line which represents
the linear relationship between the dissipated plastic energy
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4 Case Study

In the presented work, the amount of plastic energy dissipated
in 5-story one-, three- and five-bay regular RC frame struc-
tures are determined as a result of performed NLTH analysis.
The selected frames are abbreviated considering the number
of stories and bays. The abbreviations of 5-story one-, three-
and five-bay RC frames are as RCF5-1, RCF5-3 and RCF5-5,
respectively.

4.1 Reinforced Concrete Design of Frames

Material properties are assumed to be 25 MPa for the concrete
compressive strength and 420 MPa for the yield strength of
both longitudinal and transverse reinforcements. There exist
uniformly distributed dead (G) and live (Q) loads in all spans
and concentrated dead (Pg) and live (Pp) loads in columns.
Uniformly distributed dead and live loads are assumed to
be 34.50 and 14.00kN/m, respectively. Concentrated dead
and live load of the corner columns of frames is 135kN and
is 35kN, respectively. Concentrated dead and live load of
the interior columns of RCF5-3 and RCF5-5 is 170kN and is
70kN, respectively. All frames are assumed to be on the Seis-
mic Zone 1, and the Local Site Class is taken as Z3 according
to TSDC [36]. According to the average of shear wave veloc-
ity in the first 30 m of the soil (V3¢ values), soil profile type
definitions of Z3 may be considered as the counterparts of
soil profile types Sp in UBC-97 [37] and C in Eurocode 8
[38].

Live load participation factor (n) is taken as 0.30, and floor
weights and related masses, which are considered in seismic
calculations, are determined as the combination of dead loads
and 30% of live loads. Seismic masses are assumed to be
lumped at the center of mass of each story.

The selected RC frame structures are designed and
detailed to satisfy the requirements of Turkish Standards-
TS500 [39] and TSDC considering both gravity and seismic
loads. RC design of frames is performed using the structural
analysis program SAP 2000 [40]. Geometrical properties of
the frames and dimensions of beams and columns in cm are
given in Fig. 8.

Dimensions and longitudinal reinforcement configura-
tions of beam and column members of RCF5-1, RCF5-3 and
RCFS5-5 are shown in Figs. 9 and 10, respectively. Transverse
reinforcements are chosen as closed stirrups with diameters
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Fig. 10 Longitudinal reinforcement configurations of columns

of 10mm. The spacing of beam stirrups is 10cm in confine-
ment zones, which are designed with a length of twice the
beam depth at both ends of beam according to TSDC and
15cm in midspans. The spacing of column stirrups is 8cm
in confinement zones assuming at least 50 cm at both ends of
the columns according to TSDC and 10cm in midspans.

4.2 Nonlinear Modeling Aspects and Dynamic Analyses

Nonlinear dynamic analyses of the study are performed
by using PERFORM 3D [41]. The structural models have
already been created in SAP2000 environment, and elas-
tic properties of structural members are imported directly
from SAP2000 to PERFORM 3D. Each frame element is a
line element with a linear elastic middle portion bounded by
rigid hinges at member ends where inelastic properties are
assigned.

Plastic hinge hypothesis (lumped plasticity model) is used
to define inelastic behavior of the material. Stress—strain
relations of TSDC are used for nonlinear modeling of con-
crete and steel reinforcement materials. Accordingly, the
stress—strain relationships proposed by Mander et al. [42] are
implemented for unconfined and confined concrete. Rein-
forcement steel is modeled by parabolic strain hardening
steel model. Plastic hinges are accepted to form at both ends
of the beam and column members. Moment versus plas-
tic rotation (M — 6)) relations of structural members are
obtained by using the program developed by the authors
in Excel software. Plastic hinges are rigid-plastic. Plastic
hinge length (L;) is assumed to be the half of the cross-
sectional depth due to its simplicity. The initial effective
stiffness values of structural elements are reduced accord-
ing to the TSDC in order to account for cracking in sections
during the inelastic response of frames. Accordingly, the
effective flexural stiffness of beams is taken as 40% of

@ Springer
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the uncracked stiffness of the section. The effective flex-
ural stiffness of columns ((El)e) is taken to be between
40 and 80% of the uncracked stiffness ((EI)o) according
to the level of axial load (i.e., if Np/(Acfc) < 0.10 then
(El)e = 0.40(EDo and if Np/(Acfc) > 0.40 then (EDe =
0.80(EI)o). For Np/(Ac fc) between 0.10 and 0.40, a linear
interpolation is performed. In these relations, Np is axial
load, A. is cross-sectional area of the column and f; is
concrete compressive strength. Geometrical variations (i.e.,
the second-order effects) are taken into account. The shear
capacity of each of beam and column members is calculated
according to TS500 and is compared with those shear force
values obtained from analyses. Since shear capacity of struc-
tural members is not exceeded, shear failure is not observed.

The modeling of cyclic behavior of structural members
under seismic effects is a very important subject in earth-
quake engineering. Accordingly, the idealization of cyclic
moment—rotation (M — 6) relations of bending members is
a critical issue in nonlinear analysis of RC structures. Many
experimental researches to model the inelastic response of

Table 1 Details of ground motion records

RC structural elements subjected to cyclic deformation rever-
sals have been devoted. As a result of these studies, different
idealized numerous moment—rotation relationships incorpo-
rating information from experimental investigations of the
hysteretic behavior of RC structural elements have been
proposed. Some of those theoretically and experimentally
validated hysteretic models are Takeda model, the modified
Clough model, Flag-Shaped model, bilinear models, etc.,
[43-48].

Since it affects the seismic behavior of a structure, the
selection of a proper model to characterize the hysteretic
behavior is important. Hysteretic models considering degra-
dation of stiffness due to increasing damage are convenient
for RC members. Moment-rotation relationships of the hys-
teretic model used in this study are shown in Fig. 11,
where K is initial stiffness, r Ko is post-yield stiffness,
and £M, and £6, are positive and negative yield moment
and yield rotation, respectively. The post-yield stiffness is
assumed to be 3% of the initial stiffness. The degradation
in unloading stiffness is not considered, and accordingly the
unloading stiffness is always equal to the initial elastic stiff-
ness.

Nonlinear dynamic analyses of frames are performed by
using the time histories of ten recorded earthquakes. The
accelerograms for the earthquakes are constructed by using
the data provided from the official Web site of the Pacific
Earthquake Engineering Research Center [49]. Details of the
ground motion records are given in Table 1, where M, is
the moment magnitude of earthquake, R;p is the Joyner—
Boore distance, V3¢ is the average of shear wave velocity
in the first 30 m of the soil, PGA is the peak ground accel-
eration, PGV is the peak ground velocity, and PGD is the
peak ground displacement. Acceleration time histories of the
selected earthquakes are shown in Fig. 12. The selected fil-
tered ground motions have strike-slip fault mechanism, do
not involve near fault effects and satisfy all the conditions
given in TSDC.

EQ. no. Earthquake and date My, Ryp (km) V30 (m/s) PGA (g) PGV (cm/s) PGD (cm)
1 Imperial Valley—15.10.1979 6.53 15.19 659.6 0.176 14.04 5.84
2 Kobe—16.01.1995 6.9 7.1 609 0.509 37.3 9.52
3 Parkfield—28.06.1966 6.19 17.64 408.9 0.063 6.8 3.55
4 Hector Mine—16.10.1999 7.13 10.35 684.9 0.306 34.21 17.71
5 Chi Chi (Taiwan)—20.09.1999 6.2 12.4 680 0.123 15.86 5.64
6 Duzce (Sakarya St.)—12.11.1999 7.14 45.2 471 0.023 5.5 7.34
7 Duzce (Mudurnu St.)—12.11.1999 7.14 34.3 659.6 0.12 9.3 7.63
8 Duzce (Lamont St.)—12.11.1999 7.14 23.4 517 0.042 9.2 8.07
9 Victoria (Mexico)—06.09.1980 6.33 13.8 659.6 0.621 31.6 13.2
10 Chalfant Valley—21.07.1986 6.19 29.4 338.5 0.064 3.79 1.26
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Records are scaled in time-domain considering Z3 accel-
eration spectrum of TSDC. The time-domain scaled and
design spectrum compatible acceleration spectra of the
selected ten ground motions are shown together with the
design spectrum of TSDC for local site class Z3 in
Fig. 13.

Nonlinear time history analyses are performed using the
structural analysis program PERFORM 3D. Modal damping
ratio is taken as 5% and Rayleigh damping model, which
assumes that the damping is proportional to a linear combi-
nation of the stiffness and mass [50], and is used in dynamic
analyses.

4.3 Contribution of Beam and Column Deformations to
Plastic Energy Dissipated in RC Frames

The plastic energy dissipated in the selected 5-story RC frame
structures subjected to different earthquakes is determined,
and the results are presented graphically. In these graphical
representations, the contribution of beam and column defor-
mations to the total plastic energy dissipated in the RC frame
structure for each time instant of the selected earthquakes is
shown (Figs. 14, 15, 16). Plastic energy dissipation versus
time graphs of RCF5-1 during earthquakes EQ3, EQS8 and
EQ9 are shown in Fig. 14, while same graphs of RCF5-3
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Fig. 13 Scaled acceleration spectra of earthquakes and elastic design
spectrum of Z3

during earthquakes EQ2, EQS, EQ6 and EQ9 are given in
Fig. 15. Shown in Fig. 16 is plastic energy dissipation ver-
sus time graphs of RCF5-5 during earthquakes EQ1, EQ4,
EQ7 and EQ10. Additionally, the contribution of rotational
deformations of beam and column plastic hinges and the con-
tribution of axial deformations of column plastic hinges to
the total plastic energy are shown in Figs. 14, 15 and 16.
The maximum values of plastic energy dissipated in
RC frame structures during the selected earthquakes are

——— Total Plastic Energy

0
RCF5-1/EQ3

given in Table 2. The mean values of plastic energy
obtained from NLTH analyses of the frames are 23.49,
44.72 and 81.45kNm for RCF5-1, RCF5-3 and RCF5-5,
respectively.

In Figs. 17, 18 and 19, the contribution ratios of rotational
deformations of beam and column plastic hinges and the con-
tribution of axial deformations of column plastic hinges to
the total plastic energy dissipated in frames RCF5-1, RCF5-
3 and RCF5-5 are shown. The contributions of rotational
deformations of beam and column plastic hinges are repre-
sented by red and green straight lines, respectively, where the
contribution of axial deformations of column plastic hinges
is represented by a blue straight line. The plastic energy
graphs may vary with characteristics of frames and earth-
quakes. The formation of plastic hinge mechanism directly
influences the plastic energy dissipation. The contribution
of beam hinges to the total dissipated plastic energy is gen-
erally high for the initial times of the earthquake, while it
decreases later. When plastic hinges form in columns, in
addition to rotational deformations axial deformations of col-
umn plastic hinges contribute to the total plastic energy. The
contribution of both rotational and axial deformations of col-
umn plastic hinges to the total plastic energy dissipated in
frames is considerably low at initial times of the earthquake,
and then, it increases due to formation of plastic hinges in
columns.
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Table 2 Maximum values of plastic energy dissipated in frames

Maximum plastic energy (Ep, max—kNm)

Earthquakes RCF5-1 RCF5-3 RCF5-5
EQ1 5.32 13.41 23.03
EQ2 3.00 11.03 73.89
EQ3 27.87 53.91 85.48
EQ4 48.02 71.21 115.27
EQ5 34.01 38.82 84.27
EQ6 10.50 54.09 100.88
EQ7 2.04 6.68 11.29
EQ8 43.98 57.42 89.92
EQ9 37.22 100.28 156.18
EQ10 22.89 40.36 74.33
Mean 23.49 44.72 81.45

4.4 Correlation of Plastic Energy Dissipated in Beam
Hinges with Total Dissipated Plastic Energy

In the presented paper, which deals with the determination
of the plastic energy dissipated in RC frames from NLTH
analysis, the correlation of the plastic energy dissipated in
beam plastic hinges with the total plastic energy dissipated in
5-story frame structures is also investigated. A linear model is

fitted using regression analysis, and it is determined how well
this linear model fits the data. The regression line does not
miss any of the points by very much, so the R-squared (R?)
of the regression is relatively high which indicates how well
data fit a statistical model. The coefficient of determination
(R?) and linear regression equations are shown in Fig. 20
for some of the selected ground motion records. In the linear
regression equations, the variable y stands for the total plastic
energy dissipated in the frame structure and the variable x
stands for the contribution of beam plastic hinges.

The linear relation between the plastic energy dissipated
in frame (} Ep frame) and the contribution of beam plastic
hinges (3 Ep peam) under the selected earthquakes is given
by Egs. (10-12) for RCF5-1, RCF5-3 and RCF5-5, respec-
tively. The coefficients of linear Eqs. (10-12) are obtained as
a result of the mean values of all earthquakes by using linear
regression analyses.

> Epiame =1.20 (3 Eppean) + 1.12 (10)
> Epume =126 (3 Eppean) +2.05 (11)
> Epsrame =145 (D Eppean) + 185 (12)

It can be concluded that the linear regression equations of
this study are valid only for the selected RC frame struc-
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Fig. 20 Relation between

plastic energy of frames and
contribution of beam plastic
hinges
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tures and the used acceleration time histories. However, these
equations may be used as simple formulas to determine the
total plastic energy dissipated in regular RC frame structures
which have similar sequence of hinge formation (i.e., global
failure mechanism). For frames having different plastic hinge
mechanism, the same linear relations may not be obtained.

4.5 Interstory Drift Ratios of the Frames

The rotation of the frame from the base () corresponding to
its maximum plastic energy can be approximated as follows:

1)
> H
where § is the lateral displacement of the top point of the
frame which is assumed to be pushed statically up to satisfy
the maximum plastic energy dissipation obtained from NLTH

analysis (Ep max). The parameters of Eq. (13) are shown in
Fig. 21.

12

0 (13)
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The shaded areas under the pushover curves in Fig. 22 are
conveniently determined to give the mean values of the max-
imum plastic energy dissipated in frames during the selected

- ol
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Fig. 21 A sample RC frame with plastic hinge mechanism
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Fig. 23 Interstory drift ratio (/DR) results

earthquakes. This leads to approximate E},max from non-
linear static analysis. The top-left point of the shaded area
corresponds to yield base shear force and yield displace-
ment of the frame, while the right border of the same area
is determined as to satisfy the mean plastic energy values.
Considering the right border displacement of the shaded area
under the pushover curve, interstory drift ratios (/IDR) of the

frames are calculated and are compared with those mean /DR
values obtained from NLTH analysis. The results of this com-
parison and story-drift profile of frames are given in Fig. 23.
While relatively large drifts in middle stories of frames are
obtained from NLTH analyses, the interstory drift ratios in
the first and the last story are found to be quite close.
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5 Conclusions

In the presented study, NLTH analyses of three five-story
RC frame structures are performed and the plastic energy
dissipated in each frame during the selected earthquakes is
determined in a graphical way. The contribution of beam and
column deformations to the total plastic energy dissipated in
RC frame structure for each time instant of the selected earth-
quakes is investigated. It can be concluded that rotational
deformations of beam plastic hinges make significant con-
tribution to the total plastic energy dissipated in the frame.
At the initial time of the earthquakes, plastic hinges gener-
ally form in beam members, as is expected, and the most
contribution to the total plastic energy comes from plastic
deformations of beam hinges. Then plastic hinges form in
column members and cyclic behavior of columns start to
contribute to the total plastic energy dissipation, while the
contribution due to cyclic behavior of beams shows a lower
tendency at this stage. It is observed that in some cases, axial
plastic deformations of columns also contribute substantially
to the total plastic energy dissipated in the frame. The contri-
bution ratios of rotational deformations of beam and column
plastic hinges and the contribution of axial deformations of
column plastic hinges to the total plastic energy dissipation
vary with characteristics of earthquakes.

The correlation of the plastic energy dissipated in beam
members with the total plastic energy dissipated in 5-story
frame structures is investigated, and a linear model is fitted
using regression analysis. Relatively high values of the coef-
ficient of determination are obtained, and linear regression
equations, which show the relationship between the plas-
tic energy dissipated in frame and the contribution rotational
deformations of beam plastic hinges, are derived. The derived
linear equations can be used as simple formulas in order
to estimate the total plastic energy dissipated in regular RC
frame structures having similar sequence of hinge forma-
tion. For frames having different plastic hinge mechanism,
the same linear relation may not be obtained.

The lateral top displacement of the selected frames is
obtained by equating the area under the pushover curves
to the mean values of the maximum plastic energy dissi-
pated in frames during the selected earthquakes. Assuming
frames have a certain interstory drift ratio for this plastic
energy, interstory drift ratios of the frames are calculated
and are compared with those obtained from NLTH analysis.
Pushover-based interstory drift ratios are found to be quite
close to the drift results of NLTH analysis in the first and the
last story of all frames. /DR values in middle stories do not
match, and relatively large drifts are obtained from NLTH
analysis in comparison with pushover analysis.

The contribution ratio of beam and column plastic hinges
to the total plastic energy dissipated in nonlinear behavior
of RC frames is determined under certain assumptions. The

@ Springer

assumptions of NLTH analysis may also effect the accuracy
of the plastic energy computations. Additionally, the amount
of dissipated plastic energy may vary due to the idealiza-
tion of moment—rotation relations of structural elements. It is
obvious that each ground motion record reflects its own char-
acteristics to NLTH analysis. Consequently, also depending
on plastic hinge formation, different contribution ratios of
structural members to total dissipated plastic energy may be
obtained under different earthquakes.
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