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Among the procedures available for the seismic analysis of structures, pushover analysis is one of the
most frequently used methods by structural engineers. An adequate modelling of the plastic hinges
generated during the pushover analysis is crucial in order to obtain accurate results. Thus, the yielding
and ultimate states of the cross-section must be defined in order to model the generalised
force-deformation relation of plastic hinges. For this purpose, the use of empirical expressions that obtain
the aforementioned states from the cross-section properties can prove beneficial.
The main objective of this work is to study the influence of different plastic hinge models on the

structural nonlinear behaviour of reinforced concrete structures. To that end, several nonlinear analyses
have been performed with the software SAP2000�, considering the following plastic hinge models: (i) the
model of FEMA-356 included in SAP2000�, and (ii) two additional models developed by some researchers
by using empirical expressions calibrated with different experimental data. Simplified structures of two
buildings have been used as examples.
The results obtained show that plastic hinges modelled with empirical expressions can be used by

structural engineers to more precisely model the behaviour of structural elements in ordinary reinforced
concrete buildings located in seismic areas, and to compare with the results offered by the models
included in seismic building design codes.

� 2016 Elsevier Ltd. All rights reserved.
1. Introduction

The prediction and simulation of the seismic behaviour of struc-
tures by using numerical models has been a field of growing inter-
est in recent years, due to the importance of accurately knowing
the effects and consequences caused by seismic actions on
structures.

Seismic analysis can be performed by following different proce-
dures, with differing degrees of accuracy achieved in the results.
Nonlinear static analysis or pushover is one of the most frequently
employed methods by structural engineers, due to its relative sim-
plicity and the guidelines offered by the main seismic building
design codes for its implementation. This analysis offers relevant
information from the seismic point of view, such as the resistance
and the deformation capacity of the structure. Pushover analysis
can be implemented through different strategies, such as the
modal pushover [1], the consecutive modal pushover [2], the upper
bound pushover [3], the mass proportional pushover [4] and the
adaptive pushover [5]. However, the increase in accuracy of all
these methods is at the expense of the most attractive feature of
conventional pushover analysis, namely its simplicity [6]. There-
fore, conventional pushover analyses [7] have been implemented
in the current study.

Adequate knowledge of the sectional behaviour of structural
elements at yield and ultimate states is necessary in order to define
the properties of the plastic hinges generated in the structure dur-
ing nonlinear analysis. Thus, the yield moment My, the yield chord
rotation hy and the ultimate chord rotation hu of the element’s sec-
tion are used to model the moment-chord rotation relations that
define the behaviour of plastic hinges during the analysis.

In the seismic analysis of structures, the use of empirical
expressions that reproduce the yield and ultimate states of a struc-
tural element’s section is beneficial [8–10]. These expressions are
accurate and efficient from the point of view of computation time,
due to their relative simplicity and the fact that they are calibrated
with experimental tests.

The main objective of the present work is the evaluation of the
influence of the type of plastic hinge considered in the nonlinear
behaviour of structures. To do so, several pushover analyses have
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Notation

a confinement effectiveness factor
acy zero-one variable for the type of loading (0 for mono-

tonic loading, 1 for cyclic loading)
ag design ground acceleration on type A ground, defined in

EC-8
asl zero-one variable for slip (0 if slip of longitudinal bars

from the anchorage is not physically possible, 1 if it is)
ast coefficient for the type of steel (0.0185 for hot-rolled or

heat-treated steel, 0.0115 for cold-worked steel)
av zero-one variable for diagonal cracking before flexural

yielding of the end section
aw,r zero-one variable for rectangular walls (1 for rectangu-

lar walls, 0 for beams and columns)
aw,nr zero-one variable for non-rectangular sections (1 for T-,

H-, U- or hollow rectangular sections; 0 for rectangular
sections)

Ash area of lateral reinforcement
b width of rectangular cross-section
d distance from extreme compression fibre to centroid of

tension reinforcement
d0 distance from extreme compression fibre to centroid of

compression reinforcement
dt target displacement of the structure
Ec modulus of elasticity of concrete
Es modulus of elasticity of reinforcement
fc compressive strength of unconfined concrete based on

standard cylinder test
fy yield strength of tension reinforcement
fy0 yield strength of compression reinforcement
fyh yield strength of lateral reinforcement
fyv yield strength of web longitudinal reinforcement
Fb seismic base shear force
Fi lateral force applied in the i-storey
g acceleration of gravity
Gk,j characteristic permanent action
h height of rectangular cross-section
hi height from the base to i-storey
hj height from the base to j-storey
k parameter with values depending on the fundamental

mode T
Ls shear span of member (= M/V at the end of the member)

mi mass of the i-storey
mj mass of the j-storey
M bending moment
My yield moment
N axial force
Qk,i characteristic variable action
sh spacing of lateral reinforcement
si displacement of the mass mi in the fundamental mode

shape
Sa spectral acceleration
Sd spectral displacement
V shear force
z internal lever arm
d control displacement, located at the centre of mass of

the top storey of the structure
d0 =d0/d
hy yield chord rotation
hu ultimate chord rotation
m normalised axial load, N/bhfc
ny neutral axis depth at yielding, normalised to d
wE,i combination coefficient for a variable action i, to be

used when determining the effects of the design seismic
action

q tension reinforcement ratio, determined as ratio of ten-
sion reinforcement area to bd

q0 compression reinforcement ratio, determined as ratio of
compression reinforcement area to bd

qd diagonal reinforcement ratio in diagonally reinforced
members, determined as ratio of area of reinforcement
arranged along one diagonal to bd

qh lateral reinforcement ratio (= Ash/bsh)
qv ratio of web longitudinal reinforcement, uniformly dis-

tributed between tension and compression reinforce-
ment, normalised to bd

/L diameter of tension reinforcement bars
/y yield curvature of the cross-section
x1 total mechanical reinforcement ratio of tension and web

longitudinal bars [= (qfy + qvfyv)/fc]
x2 mechanical reinforcement ratio of compression rein-

forcement [= q0fy0/fc]
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been implemented in two reinforced concrete structures, consider-
ing the following types of plastic hinges:

(i) Plastic hinges modelled from FEMA-356 [11], included by
default in the software SAP2000� [12],

(ii) plastic hinges defined with the empirical expressions avail-
able in [9,10], and

(iii) plastic hinges modelled with the expressions developed by
the authors [13,14].

In order to define the properties of the plastic hinges consid-
ered, the moment-chord rotation relations of the sections are
obtained with the aforementioned methods. With the aim of con-
sidering the influence of the axial force N in the value of the yield
moment My, some yielding curves N-My are defined for the col-
umns of the structures.

In pushover analysis, it is important to study the global yielding
and collapse points of the structure, which offer information about
the ductility. Thus, the control displacement d, the seismic base
shear force Fb and the spectral acceleration Sa corresponding to
those points are obtained. Additionally, the capacity curves Fb - d
of the structures are obtained.
Finally, the N2 method [15] proposed in EC-8 is implemented
for two structures. Some ground acceleration values ag are consid-
ered in order to study the influence of this parameter in the differ-
ences obtained with the different types of plastic hinges. Nonlinear
time history analyses are performed to contrast with the results
obtained using pushover analyses.
2. Plastic hinges models and analysis methodology

2.1. Equations for the sectional behaviour

Several expressions are suitable to reproduce the yielding and
ultimate states of reinforced concrete sections from their geome-
try, reinforcement distribution and the mechanical properties of
materials. In this line, Panagiotakos and Fardis [8] proposed several
expressions to obtain the yield moment My, the yield chord rota-
tion hy and the ultimate chord rotation hu. These expressions were
calibrated with a database of more than 1000 experimental tests
corresponding to beams, columns and shear walls. Later, Biskinis
and Fardis [9,10] modified these expressions by calibrating them
using an experimental database that included retrofitted elements.



Table 1
Ranges of improvement achieved with the expressions proposed in [13] with respect
to other expressions (in %).

s Cv r Sd

Panagiotakos and Fardis [8] 24–28 14–16 1–62 13–36
EC-8 [16] 18–19 10 25–29 16–20
Biskinis and Fardis [9,10] 14–28 3–16 1–16 9–19
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Finally, EC-8 [16] provides several equations to obtain the yield
and ultimate chord rotation of sections.

The expressions proposed by Biskinis and Fardis [9,10] corre-
spond to Eqs. (1)–(3).
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The authors of the present work proposed other expressions to

obtain My, hy and hu [13,14]. For this purpose, the expressions of
Biskinis and Fardis [9,10] were calibrated with a selection of tests
composed by reinforced concrete beams and columns with rectan-
gular section, obtained from an experimental database of more
than 1000 tests included in [8]. To obtain the aforementioned
selection of tests, the seismic and constructional prescriptions
included in the main design codes were imposed over the initial
database. Specifically, the codes EC-2 [17], EC-8 [18] and ACI-318
[19] were considered.

Since the variables involved in the specimens in [8] presented
such a wide range of values, five groups of parameters were chosen
to meet the constructional requirements imposed by the building
codes considered, which also implies considering a certain ductility
level. The groups chosen were: the dimensions of the cross section;
mechanical properties of materials; diameter of reinforcement
bars; area of reinforcement steel; and spacing of lateral reinforce-
ment. As some of these parameters (dimensions of cross section,
area of reinforcement steel and spacing of lateral reinforcement)
are directly related to the level of ductility to consider, the widest
possible range of their values has been chosen so that, fulfilling the
requirements of seismic codes leads to considering only real ele-
ments (designed and built under a certain seismic code) and cover-
ing a wide range of ductility behaviour.

New coefficients (C1 to C15) for the expressions in [9,10] were
proposed for the calibration with the empirical results from the
test selection. It is worth mentioning that, despite the theoretical
basis of the expressions in [9,10], they also include several empir-
ical coefficients obtained from the calibration with a database of
experimental tests. The new coefficients Ci were proposed by per-
forming a sensitivity analysis on the terms of the expressions in
[9,10], which led to modifying mainly their empirical coefficients.

The expressions affected by the new coefficients are given by
Eqs. (4)–(6):
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To achieve the best calibration of the expressions with the
selection of tests, an optimization procedure based on Genetic
Algorithms (GA) was implemented. The variables of the optimiza-
tion problem are the coefficients from C1 to C15. The objective
function to be minimized is the variation coefficient Cv of a variable
x defined as the ratio of the experimental value xexp and the
predicted value xpred (obtained from the expressions affected by
the coefficients C1 to C15) for each test of the selection. Several sta-
tistical parameters of the variable x = xexp/xpred were obtained, such
as the aforementioned variation coefficient Cv, the sample mean x,
the sample standard deviation s and the sample linear correlation
coefficient r between experimental and predicted values. More-
over, the summation Sd of the absolute values of the differences
between experimental and predicted values was used to provide
an estimate of the quality of the results (the more the summation
reduces, the more accurate the calibration model is):

Sd ¼
Xm
i¼1

jxi;exp � xi;predj ð7Þ

The expressions obtained after running the GA procedure are
presented in Eqs. (8)–(10).
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It should be mentioned that the effects of shear influence the

value obtained for hy. These effects are considered by the parame-
ter av in Eq. (9). Thus, av equals 1 if flexural yielding is preceded by
diagonal cracking, i.e., if the shear resistance of members without
shear reinforcement VRc is less than the shear force at yielding of
the end section My/Ls. If this is not the so, then the parameter av
equals 0. Moreover, the second term of Eq. (9) is attributed to shear
deformations along Ls.

A summary of the improvement ranges achieved in some statis-
tical parameters when applying the expressions proposed in [13]
with respect to other expressions is shown in Table 1. The expres-
sions developed in [13] reduce the scatter (lower values of s, CV
and Sd) and improve the linear relation between predicted and
experimental values, with higher values being obtained for the cor-
relation coefficient r.

The main contribution of the expressions developed in [13] is
not the improvement achieved with respect to the previous equa-
tions, but the fact that they are suitable for structural elements of
ordinary reinforced concrete buildings located in seismic areas due
to their calibration with the selection of tests. For more detailed
information about Eqs. (8)–(10), see Refs. [13,14].



Fig. 2. Moment-chord rotation relation for RC plastic hinges [9,10,13].

Fig. 3. Performance levels in plastic hinges.
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2.2. Pushover analysis. Specific considerations

Several conventional pushover analyses considering an invari-
ant lateral load pattern are performed in this work. Two vertical
distributions of lateral loads have been considered in the analysis
following the EC-8 guidelines: (i) a uniform pattern, based on lat-
eral forces that are proportional to mass regardless of elevation,
and (ii) a modal pattern, proportional to the displacement of
masses in the fundamental mode shape. The two vertical distribu-
tions are obtained by applying Eqs. (11) and (12), respectively. In
case the effect of higher modes is important in estimating the seis-
mic response of the structure, Mortezaei and Ronagh [20] adopted
the modal pattern given by Eq. (13), included in FEMA-356 [11].

Fi ¼ miP
mi

Fb ð11Þ

Fi ¼ Fb
simi

Rsimi
ð12Þ

Fi ¼ Fb
mih

k
iPn

j¼1mjh
k
j

ð13Þ

Gravity loads are uniformly distributed on beams according to
Eq. (14), included in EC-8 [18].

RGk;j þ RwE;iQk;i ð14Þ
The analyses have been performed with SAP2000� [12], consid-

ering lumped plastic hinges with null length. The location of the
plastic hinges needs to be defined by the user. In this study, the
generated plastic hinges are only located at the end of the beams
and columns.

The RC (reinforced concrete) plastic hinges considered in this
study are modelled with moment-chord rotation relations defined
through deformation control. These relations depend on the type of
plastic hinge considered in the analysis. Thus, the plastic hinges
included in SAP2000� by default exhibit the relation shown in
Fig. 1, defined in FEMA-356 [11], whereas the plastic hinges
defined with the expressions of [9,10,13] are modelled with the
moment-chord rotation relations included in Fig. 2.

As stated in EC-8 [18], P-Delta effects are considered in push-
over analysis and the flexural and shear stiffness properties of
members are equal to one-half of the corresponding stiffness of
the uncracked elements, in order to consider the effect of cracking.

FEMA-356 [11] defines three structural performance levels,
namely Immediate Occupancy IO, Life Safety LS and Collapse
Prevention CP. In this work, these levels correspond to 40%, 80%
and 100% of the ultimate chord rotation hu for beams and 25%,
75% and 100% for columns. These values are similar to those con-
Fig. 1. Moment-chord rotation relation for RC plastic hinges [11].

Fig. 4. Floor plan of usual 5- and 8-storey reinforced concrete buildings.
sidered by other authors [21]. Fig. 3 shows the structural perfor-
mance levels in the force-deformation relation of a plastic hinge.

2.3. Influence of the ground acceleration ag

The seismic response of a structure depends to a great extent on
the value of the ground acceleration ag considered. In order to
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study the influence of this parameter, the N2 method proposed by
Fajfar and Gaspersic [15] and included in EC-8 [18] is implemented
for the structures described in Section 3.1, considering different
values for ag. The structures are built over a C ground type and
are located in an area in which the Type 2 spectrum included in
EC-8 must be considered. The N2 method is performed for three
ground acceleration values (0.1g, 0.2g and 0.3g). The maximum
value considered for the ground acceleration (0.3g) is a high
enough value for the Type 2 spectrum.

The plastic hinges considered in the different analyses are those
described in Section 1. For the different ground acceleration values,
the shear force Fb, the spectral acceleration Sa and the distribution
of plastic hinges in the structure are obtained. Additional nonlinear
time-history analyses are performed for the maximum value of the
ground acceleration considered, in order to contrast the results
achieved from the pushover analyses.
Fig. 5. Elevation view of the analysed structures. (a) 5-storey frame. (b) 8-storey
frame.

P1 P2               
(a

(b

Fig. 6. Cross-sections for elements in 5- and 8-storey fra
3. Behaviour of reinforced concrete sections in the structures
used as examples

3.1. Description of structures

Two particular cases of structures are studied following the
above description of the general considerations related to the sec-
tional behaviour of RC elements and the specific considerations
corresponding to pushover analysis. A floor plan of usual 5- and
8-storey RC buildings in Europe is shown in Fig. 4. The layout of
these structures is considered as typical of low and medium rise
residential buildings of reinforced concrete designed under
Eurocode 8 [22]. The elevation view of the structures considered
for the pushover analysis is shown in Fig. 5. These structures
correspond to the interior frame shown in Fig. 4. The floor-to-
floor height is 3 m and the span length is 5 m for both structures.
It should be mentioned that these simplified structures have been
considered in order to ease the interpretation of the results
achieved in the nonlinear analyses and to focus on the differences
observed by using the different models of plastic hinges described
in Section 1.

The geometry and reinforcement for the cross-sections of the
frames are shown in Fig. 6. The frames are composed by beams
with the same depth as the floor slabs, and columns with a square
section. Material properties are 25 MPa for the concrete compres-
sive strength and 500 MPa for the yield strength of both longitudi-
nal and transverse reinforcement. The hoop spacing is 100 mm in
the potential plastic hinge regions. The elastic modulus of the
concrete is 27,200 MPa and its Poisson’s ratio is 0.2. It should be
mentioned that no shear plastic hinges are considered for
nonlinear analyses since, as stated in [21], the concrete compres-
sive strength and the spacing of hoops considered in this work
are sufficient to prevent shear failures.

Following the aforementioned strategy of considering
simplified structures, all the beams have the same dimensions
and the reinforcement is constant throughout the beam, even
though this means that these structures are not entirely realistic.
In the case of wide beams, they have been considered, despite their
P3 P4
)

)

mes. (a) Columns. (b) Beams. [Dimensions in mm].



Fig. 7. Moment-chord rotation relation for the RC plastic hinges generated in the
beams.
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inadequate seismic behaviour, because of their widespread use in
countries of the moderate-seismicity Mediterranean area, such as
Spain, Italy and Portugal [23].

Concerning gravity loads, dead and live loads are 5 and 3 kN/m2

respectively, corresponding to residential buildings according to
EC-2 [17]. The loads are uniformly distributed on beams. The per-
iod T of the fundamental mode that has been obtained is 1.24 s for
the 5-storey frame and 1.9 s for the 8-storey frame. These values
are obtained assuming lumped masses at storey levels.

3.2. Moment-chord rotation relations and yielding curves

The moment-chord rotation relations obtained with the differ-
ent methods for the beams and columns are shown in Figs. 7 and
8. For all cases, the expressions proposed in [13] offer higher values
of My than those obtained by applying the expressions of Biskinis
and Fardis [9] and the values obtained with FEMA-356 [11]. The
moment-chord rotation relations defined with the expressions
Fig. 8. Moment-chord rotation relations for the RC plastic hing
developed in [13] show a deformation capacity between those
obtained with the other two methods.

Unlike in other studies [21], several yielding curves N-My have
been defined in this work in order to consider the influence of
the axial force N on the yield momentMy of columns in the nonlin-
ear analyses.

The yielding curves for the columns obtained from the different
methods are shown in Fig. 9. The curves obtained from the empir-
ical expressions developed in [9,13] show higher values forMy than
those obtained from FEMA-356 [11]. The maximum values for My

correspond to the expression proposed in [13]. However, it should
be noted that the curves obtained with the expression of Biskinis
and Fardis [9] exhibit higher values of My for a range of values of
the axial force N.
4. Results and discussion

The capacity curves Fb - d obtained for the frames using plastic
hinges defined with the different methods for the uniform and
modal lateral load patterns are shown in Fig. 10 and 11. The modal
lateral load pattern given by Eq. (13) is adopted for the 8-storey
frame in order to consider the effect of higher modes. The plastic
hinges modelled with the expressions included in [9,10,13] obtain
higher values of Fb than the plastic hinges included by default in
SAP2000�. For all cases, the plastic hinges of FEMA-356 [11] and
those modelled with the expressions of Biskinis and Fardis [9,10]
offer similar values of the seismic base shear force Fb for values
of the control displacement d included in the range (0, 250).

It is important to emphasize the relation between Fb and the
yield moment My of plastic hinges: as the values of My increase,
so do those of Fb. This aspect explains the fact that the maximum
values of Fb are reached when the plastic hinges modelled with
the expressions developed in [13] are considered, since these
es generated in the columns. (a) P1. (b) P2. (c) P3. (d) P4.



Fig. 9. Yielding curves for columns. (a) P1. (b) P2. (c) P3. (d) P4.

Fig. 10. Capacity curves for the 5-storey frame. (a) Uniform lateral load. (b) Modal
lateral load.

Fig. 11. Capacity curves for the 8-storey frame. (a) Uniform lateral load. (b) Modal
lateral load.
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plastic hinges offer the maximum values for My. Another relevant
aspect is the fact that the capacity curves obtained with the
expressions proposed in [13] and the expressions of Biskinis and
Fardis [9,10] can meet at a certain value of d, since according to
Fig. 9, these expressions can offer the same value for My and, con-
sequently, for Fb.



Table 2
Results for the global yielding point of the 5-storey frame.

Plastic hinge Uniform lateral load Modal lateral load

d (mm) Fb (kN) Sa/g d (mm) Fb (kN) Sa/g

FEMA-356 [11] 128 278 0.197 169 243 0.189
Biskinis and Fardis [9,10] 116 279 0.204 176 243 0.186
Expressions in [13] 138 370 0.282 194 324 0.250

Table 3
Results for the global yielding point of the 8-storey frame.

Plastic hinge Uniform lateral load Modal lateral load

d (mm) Fb (kN) Sa/g d (mm) Fb (kN) Sa/g

FEMA-356 [11] 175 251 0.109 175 176 0.088
Biskinis and Fardis [9,10] 169 267 0.118 175 179 0.089
Expressions in [13] 210 364 0.172 250 263 0.132

Table 4
Results for the collapse point of the 5-storey frame.

Plastic hinge Uniform lateral load Modal lateral load

d (mm) Fb (kN) Sa/g Decrease in Fb for
the collapse point (%)

d (mm) Fb (kN) Sa/g Decrease in Fb for the
collapse point (%)

FEMA-356 [11] 391 269 0.217 15 354 226 0.153 15
Biskinis and Fardis [9,10] 805 414 0.308 15 547 277 0.212 10
Expressions in [13] 565 449 0.345 16 649 348 0.299 15

Table 5
Results for the collapse point of the 8-storey frame.

Plastic hinge Uniform lateral load Modal lateral load

d (mm) Fb (kN) Sa/g Decrease in Fb for
the collapse point (%)

d (mm) Fb (kN) Sa/g Decrease in Fb for
the collapse point (%)

FEMA-356 [11] 496 258 0.125 22 400 167 0.088 16
Biskinis and Fardis [9,10] 998 405 0.216 13 604 240 0.126 15
Expressions in [13] 773 462 0.242 15 525 308 0.159 11
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Some authors define the global yielding point of a structure as
the point of the capacity curve in which the structure ends its lin-
ear elastic behaviour [21]. Tables 2 and 3 show the values obtained
for the control displacement d, the seismic base shear force Fb and
the spectral acceleration Sa for the global yielding point of the
structures. To obtain the value of Sa, it is necessary to transform
the capacity curve Fb – d into the capacity spectrum in the
acceleration-displacement format Sa – Sd, applying the equations
proposed in [24].

The plastic hinges modelled with the expressions proposed in
[13] provide the maximum values of Fb, d and Sa for all cases, since
these expressions offer the maximum values of My. The differences
with respect to the other methods are between 7 and 42% for d, and
33 and 49% for Fb, while a maximum difference of 58% is obtained
for Sa. The differences between the results obtained with the
expressions in [13] and the other methods become greater as the
height of the structure increases and if the modal lateral load pat-
tern is considered.

The structural collapse point is also considered, which depends
on the safety level that has been adopted. Several authors consider
that a structure collapses when a 20% decrease in Fb in the capacity
curve is reached [21]. Other authors relate this point to the cross-
sectional failure, considering it is reached when a 15% decrease
occurs in the lateral load applied in the corresponding experimen-
tal test [8]. In this study, a 15% decrease in Fb in the capacity curve
is adopted for the structural collapse.
The results obtained for the collapse point of the frames are
shown in Tables 4 and 5. If the influence of the height of the struc-
ture is studied, the higher flexibility of the 8-storey frame normally
entails higher values for d and lower values for Fb and Sa/g. The
expressions of Biskinis and Fardis [9,10] generally provide the
highest values for d, due to the fact that these expressions offer
the maximum deformation capacity (Figs. 7 and 8). Moreover,
these expressions provide the lowest percentages of decrease in
Fb for the collapse point, having considered values below 15% as
an exception. The expressions proposed in [13] yield the highest
values for Fb, obtaining maximum differences of 84% with respect
to the other methods. Regarding Sa, these expressions provide
higher values than the other methods, with a maximum difference
of 95%.

Tables 6 and 7 show the results obtained for the different values
of the ground acceleration ag. According to EC-8 [18], the target dis-
placement dt of a structure is defined as the seismic demand
derived from the elastic response spectrum in terms of the displace-
ment of an equivalent single-degree-of-freedom system. Since the
target displacement is based on a single-degree-of-freedom system
behaviour, only the capacity curves obtainedwith themodal lateral
load pattern have been considered in this study. Although the target
displacement obtained is the same for the different types of plastic
hinges, the differences in the capacity curves (Figs. 10 and 11) pro-
vide different values for Fb and Sa if a specific ground acceleration
value is considered.



Table 6
Results for the 5-storey frame considering different ground acceleration values.

Ground acceleration ag/g Target displacement dt (mm) FEMA-356 [11] Biskinis and Fardis
[9,10]

Expressions in [13]

Fb (kN) Sa/g Fb (kN) Sa/g Fb (kN) Sa/g

0.1 31.3 83 0.078 83 0.080 83 0.082
0.2 62.6 135 0.123 140 0.128 163 0.156
0.3 93.9 180 0.163 186 0.163 226 0.209

Table 7
Results for the 8-storey frame considering different ground acceleration values.

Ground acceleration ag/g Target displacement dt (mm) FEMA-356 [11] Biskinis and Fardis
[9,10]

Expressions proposed
in [13]

Fb (kN) Sa/g Fb (kN) Sa/g Fb (kN) Sa/g

0.1 35.3 56 0.036 56 0.036 56 0.036
0.2 70.67 91 0.055 100 0.060 105 0.070
0.3 106 120 0.073 129 0.076 156 0.096

Fig. 12. Plastic hinges distribution for the 5-storey frame and ag = 0.2g. (a) FEMA-356 [11]. (b) Biskinis and Fardis [9,10]. (c) Expressions in [13].

A. López-López et al. / Engineering Structures 124 (2016) 245–257 253
It is important to mention that the differences between the
methods are obtained for ground acceleration values higher than
ag = 0.1g. These differences increase with the value of the ground
acceleration, whereas the height of the structure does not have a
significant influence on the results. The values obtained for Fb
and Sa are higher if the plastic hinges modelled with the expres-
sions developed in [13] are considered, with the differences being
between 14 and 30% for Fb and 5 and 31% for Sa with respect to
FEMA-356 [11].

The distribution of the plastic hinges generated in the structure
for the different values of the ground acceleration is shown in
Figs. 12–15. The results offered correspond to ag = 0.2g and
ag = 0.3g, since, according to Tables 6 and 7, there is no difference
in the results obtained with the different types of plastic hinges
for ag = 0.1g.

For all cases, the state of the plastic hinges generated corre-
sponds to a point located between the points B and C shown in
Figs. 1 and 2. Therefore, the resistance of none of the plastic hinges
has fallen for the ground acceleration values considered. The target
displacement obtained by considering Type 2 spectrum and low
ground acceleration values generates low damage levels. Only
the IO structural performance level is achieved for the 5-storey
frame considering the plastic hinges modelled with FEMA-356
[11] for ag = 0.3g. The number of plastic hinges generated increases
with the value of the ground acceleration. Since the expressions
included in [13] offer higher values for the yieldmomentMy (Figs. 7
and 8), the number of plastic hinges generated is lower if they are
modelled with these expressions. For the lowest value of ground
acceleration considered (ag = 0.2g), the structure remains elastic
if the plastic hinges modelled with the expressions in [13] are
considered.

In order to show the capability of the different methods for
detecting plastic hinges for the columns, the plastic hinges distri-
bution for the displacement of the collapse point obtained from
the expressions proposed in [13] is achieved. The displacement
obtained with these expressions is considered since it is large
enough to induce plastic hinges in columns. The uniform and
modal lateral load patterns are considered for 5- and 8-storey
frames, respectively. The results obtained with the plastic hinges
modelled using the expressions proposed in [13] are only com-
pared with those obtained considering the equations developed
by Biskinis and Fardis [9,10], since the displacement imposed is
higher than the displacement capacity obtained considering the
plastic hinges modelled by FEMA-356 [11].

Figs. 16 and 17 show no significant differences in the plastic
hinges distribution for both methods and similar locations for



Fig. 13. Plastic hinges distribution for the 5-storey frame and ag = 0.3g. (a) FEMA-356 [11]. (b) Biskinis and Fardis [9,10]. (c) Expressions in [13].

Fig. 14. Plastic hinges distribution for the 8-storey frame and ag = 0.2g. (a) FEMA-356 [11]. (b) Biskinis and Fardis [9,10]. (c) Expressions in [13].

Fig. 15. Plastic hinges distribution for the 8-storey frame and ag = 0.3g. (a) FEMA-356 [11]. (b) Biskinis and Fardis [9,10]. (c) Expressions in [13].
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Fig. 16. Plastic hinges distribution for the 5-storey frame in the collapse point. (a) Biskinis and Fardis [9,10]. (b) Expressions proposed in [13].

Fig. 17. Plastic hinges distribution for the 8-storey frame in the collapse point. (a) Biskinis and Fardis [9,10]. (b) Expressions proposed in [13].

Fig. 18. Time history analysis results for 5-storey frame subjected to El Centro ground motion. (a) FEMA-356 [11]. (b) Biskinis and Fardis [9,10]. (c) Expressions in [13].

A. López-López et al. / Engineering Structures 124 (2016) 245–257 255



Fig. 19. Time history analysis results for 8-storey frame subjected to El Centro ground motion. (a) FEMA-356 [11]. (b) Biskinis and Fardis [9,10]. (c) Expressions in [13].
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the plastic hinges generated in columns. However, the expressions
proposed in [13] generally show higher damage levels for both
frames, especially in the mid storeys.

It has been considered useful to additionally perform several
nonlinear time-history analyses on the 5 and 8-storey structures,
using different accelerograms, in order to compare the structural
response to that achieved with pushover analyses. Each earth-
quake has its own characteristics (frequency content, duration,
sequence of peaks and amplitude), and thus provokes a unique
response in a certain structure that is different to that resulting
from other earthquakes [6,25].

As an example, results from the nonlinear time-history analysis
using the accelerogram of the El Centro earthquake (records taken
every 0.01 s and 40 s of total duration) are shown. Geometric con-
figurations and distributions of plastic hinges obtained when the
maximum displacement of the top storey is achieved are included
in Figs. 18 and 19. The similarity between the results obtained
from the pushover analysis with modal lateral loads and adopting
ag = 0.3g (Figs. 13 and 15), and those obtained from the nonlinear
time-history analysis can be observed. Although more plastic
hinges are developed in the structure when implementing nonlin-
ear time-history analyses, only the plastic hinges modelled with
FEMA-356 [11] achieve the IO structural performance level. More-
over, a lower number of plastic hinges are developed in the struc-
ture when considering the expressions proposed in [13].
5. Conclusions

The influence of the type of plastic hinge considered in the non-
linear behaviour of RC planar frames has been evaluated in this
paper. Several nonlinear analyses have been performed consider-
ing plastic hinges modelled with different methods, including
some empirical equations for the sectional behaviour, which obtain
parameters related to the yielding and ultimate states. Since the
main aim of this work is the comparison between methods, simpli-
fied analyses and structures are considered in order to clarify the
contrast in the results.

The higher resistance and deformation capacity of a section
offered by the expressions proposed in [13] with respect to the
other methods justifies the obtaining of higher values for the seis-
mic base shear force Fb and the control displacement d, which
implies a higher resistance and deformation capacity from the
structural point of view. Furthermore, a more favourable plastic
hinges distribution is obtained for the structure. However, the
higher values obtained for the spectral acceleration Sa are indica-
tive of higher forces in the structure when the seismic load acts.

These aspects enable the structural engineer to check whether
the plastic hinges included in structural codes offer too conserva-
tive results. The comparison between the different methods to
model the plastic hinges is more interesting with the increase of
the height of the structure and the ground acceleration and if the
modal lateral load pattern is considered in the analysis.

Since the expressions developed in [13] are calibrated with a
selection of tests that meet the seismic and construction require-
ments imposed by the main international design codes, the plastic
hinges calibrated with the aforementioned expressions are suitable
for a wider range of cases than the plastic hinges included by
default in structural codes, which are usually defined with values
corresponding to RC elements used in those countries where one
specific design code is applied.

On the other hand, the fact of being calibrated with a less
heterogeneous database of experimental tests reduces the scatter
offered by the expressions proposed in [13] with respect to the
expressions proposed by Biskinis and Fardis [9,10]. Therefore, the
expressions developed in [13] are more suitable for simulating
the sectional behaviour that is required to model the plastic hinges
developed in the nonlinear analysis of ordinary RC buildings.
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