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Abstract

The study aims at giving an insight into the effects of modelling decisions that are adopted in
concentrated plasticity formulations used in time history analyses to model the behavior of reinforced
concrete frames, by investigating the sensitivity of the estimated structural response on the assumed
length of the plastic hinge region L,; and the effective area moment of inertia I,, of the cracked
concrete section. Four frames with 2, 4, 8 and 12 stories, designed in accordance with the Italian
Building Code and characterized by a flexural behavior, are taken as case-studies. Structural models

are coded in the OpenSees framework adopting various formulations of Ly, and I, taken both from

the literature and the European and the Italian codes. The results of the analyses are compared to the
ones provided by a distributed plasticity formulation and evaluated considering engineering demand
parameters such as internal forces and deformations, and absolute accelerations. The main differences
between the predictions provided from the distributed and the lumped inelasticity approaches regard
the estimates of the inter-story drift ratio and the maximum base moment, while predictions of
absolute acceleration and maximum base shear are found to be more consistent; a certain influence
of the number of stories is also highlighted. Eventually, the agreement between concentrated and
distributed plasticity formulations can be improved by adopting an effective area moment of inertia

of concrete cracked section dependent on the axial load in the structural member.

Keywords

Reinforced concrete frame; plastic hinge length; effective area moment of inertia; concentrated

plasticity; concrete cracking; time history analyses; forceBeamColumn element object; design codes.
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1. Introduction

Static (Pushover) and dynamic (Time History) non-linear analyses are used in design practice to
assess the seismic vulnerability of reinforced concrete (RC) buildings. The analyses are performed
using Finite Element Models (FEMs), and various software programs for structural calculation, like
e.g., OpenSees [1], Abaqus [2], MidasGen [3] and SAP2000 [4] are available to the designers.
Considering the structural non-linear response, there are two major sources of non-linearity, namely
material and geometric non-linearity. Material non-linearity is considered the primary source of
damage for low- and medium-rise building structures, while geometrical non-linearities should be
accounted for in high-rise buildings with small aspect ratios subjected to large horizontal deflections
that introduce P-Delta effects. For the non-linear material response, the Finite Element simulation
falls into two main categories, namely distributed plasticity models and concentrated (or lumped)

plasticity models

Concentrated plasticity formulations are easier to implement, computationally more effective and are
able to provide fairly accurate and reliable predictions in most practical situations [5], [6]. There are
different levels of complexity that can be taken into account to address material non-linearities. For
instance, the length of a structural member affected by anelastic behavior can be represented either
by means of a single rotational spring with assigned non-linear moment-curvature relationships, or
by an element made of non-linear fiber sections [7]. Two important modelling decisions that have
been shown to affect the accuracy of the model indeed concern: (i) the “plastic hinge length” (Ly,;), a
fictious length related with the extension of the part of a structural member over which non-linear
behavior is activated; and (ii) the flexural stiffness of the cracked concrete section, which is generally

taken into account by introducing an artificially low effective area moment of inertia (I¢).

Several plastic hinge length formulations have been proposed in the literature (e.g., [8]-[21]) and later
incorporated in seismic codes and guidelines (among the others, e.g., FEMA 356 [22], ACI 318 [23],

Eurocode Part 8 [24] and, with reference to the Italian scenario, the Explanatory Circular to the Italian
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Building Code [25]). To the Authors’ knowledge, a comparative evaluation of concentrated plasticity
models for non-linear dynamic analyses of RC structures has not been conducted yet, and the choice
is ultimately left to the structural engineer. However, not negligible differences exist among the
various formulations, which can lead to inconsistent approaches and possibly conflicting results, see

e.g., references [26], [27].

In the same way, though cracking is noted to reduce the stiffness of RC members and it should be
accounted for in numerical models [28]-[30], a common approach is missing. Modelling strategies
based on the use of a reduced area moment of inertia with respect to the one of the gross cross-section
have some merit [24] [25] [31] [32], but the coefficients of reduction coefficients proposed in the

codes are mainly empirical rather than based on rigorous studies [33].

The present work aims at giving guidance to structural engineers who perform non-linear dynamic
analyses on RC frames, by providing some insight into the effects of the modelling decisions on the
plastic hinge length and the reduction of the area moment of inertia in lumped plasticity formulations.
The paper does not intend to provide an overview of all the available modelling choices for plasticity
of RC columns and beams, but it focuses on modelling of structural elements where the non-linear
behavior is activated at the end regions, while in the middle the behavior remains elastic.

The State of Art describes the significance and the hypotheses at the basis of the plastic hinge length
formulation and provides a critical discussion of the various expressions proposed in research works
and in the European and the Italian norms; some expressions for the effective area moment of inertia
Iq of cracked concrete section are presented and discussed as well.

A numerical investigation conducted on a set of four case-study RC frames is performed focusing on
the effects of the modelling decisions. The structures, designed in compliance with the current code
recommendations, are characterized by a flexural behavior and are respectful of the principles of the
capacity design. Every structure has been modelled according to both distributed and concentrated

plasticity formulations, and in each of them the inelasticity is defined at the sectional level, assigning
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a material uniaxial inelastic behavior to concrete and steel. The distributed plasticity models, where
plasticity can spread across the whole length of each structural members, are expected to be able to
capture the overall flexural behavior of the case-study frames [34]-[36], and therefore are assumed as
the benchmark. Several concentrated plasticity models are formulated accounting for different
expressions of the plastic hinge length L,,; and the effective area moment of inertia taken from the
literature and the European and Italian norms. Non-linear time histories are performed according to
the provisions of the Italian Code [37], and the models are compared in terms of predicted structural
drifts and accelerations, and reactions (forces and moments) at the base, which are the engineering

demand parameters usually considered for the verification of RC structures.
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2. Review of the State of Art

In an RC frame designed according to capacity design principles, during a seismic event, plastic
flexural mechanisms are expected to be activated at the end sections of the beams and at the basis of
the columns of the first floor [14]. These dissipative zones, where non-linear mechanisms such as
yielding of the longitudinal reinforcement, extensive spalling of concrete cover, diagonal cracking
and crushing of concrete core, and buckling and fracture of longitudinal steel bars are engaged [38],
represent the so-called real plastic hinge regions, also termed as critical zones in the Eurocode [24].
The curvature distribution inside the critical zones is very complex and case-dependent, as it is
affected by the concrete compressive strength, the bottom/top reinforcement ratio, the transverse
reinforcement ratio and the shear span to depth ratio [38] [39], and the maximum curvature may do
not occur in the same section where the moment has its maximum [19].

In the framework of non-linear analyses, this complex behavior can be represented with fair accuracy
by means of a concentrated plasticity formulation, i.e. assuming that the structure is composed of
beam—column members made of an elastic core and “plastic hinges” of assigned length at both ends,
where the plastic behavior can be activated. The concept of the plastic hinge length was initially
introduced by Park and Paulay [40] who considered a cantilevered RC column subjected to a

transversal force, and determined the ultimate top displacement according to the expression:

pyz’ (1)

8= 3 + (¢y — @y )Ly (z — 0.5Ly)

where z is the shear span of the column, ¢, is the ultimate curvature at failure and ¢,, is the curvature
at yielding. Within this simplification, which is rigorously valid only for members characterized by a
purely flexural behavior, the plastic hinge length (L,;) does not correspond to the actual length of the
critical zone over which the inelastic deformation actually spreads, but is instead the effective length
[31] over which a given plastic curvature is assumed to be constant and is integrated to calculate the

effective chord rotation, including shear and fixed-end rotation contributions, under the Bernoulli’s
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plane section assumption [41], [42]. All the analytical models developed after Park and Paulay are
based on this fundamental hypothesis ([14]-[19]). Fardis [16] introduced an additional contribution
to Eq. (1), representing the fixed-end rotation due to the slippage of the longitudinal bars from the
anchorage zone ag (0, s1ip — 0y s1ip), Where ag; = 0 when the slippage is not physically possible and
ag; = 1 otherwise, and 6, gip, 0y 51ip are the rotations due to slippage at failure and at yielding,
respectively.

Several studies have been conducted to formulate plastic hinge length expressions suitable for beams

and columns, and a comprehensive list is reported in Table 1.



Reference Plastic Hinge Length (L) Element applicability

Baker, 1956*] ko ks (2)1/ Y4 beams and columns
Mattock, 19641°! %[1 + (1-14\/§ - 1) {1 - (%) 1:_2}] peams

Sawyer, 19641% 0.25d + 0.075z beams

Corley, 196611 0.5d + 0.2vd (g) beams

Mattok, 1967121 0.5d + 0.05z beams

Priestley et al., 1987(!3] 0.08z + 6d,, columns

Paulay et al., 1992014 0.08z + 0.022d,,, beams and columns
Panagiotakos et al., 20011 0.12z + 0.014agdpf, beams and columns
Fardis, 200716 0.09z + 0.2h beams and columns
Priestley et al., 2007!!7] 0_2(1;_; — 1)z + 0.022d,f, beams and columns

Bae et al., 2008!!8! {[0'3 (&) +3 (j_g) - 0'1] (5)+ 0'25}h >025n  Columns

Elmenshawi et al.. 201207 [0.082 + 0.022d, f;, + L] beams and columns
for far-fault earthquakes: Columns
P Ag _ z
Mortezaei et al, 201320 {[0.4 (P—O) +3 (E) 0.1] )+ 0.6} h > 0.6h

for near-fault earthquakes:

{[0.4 (P%) +3 (’:—g) - 0.1] (2)+ 0.45}h > 0.45h

P
Ning et al., 2016121 z (0.042 +0.072 E) +0.298h + 6.407d, Columns

Table 1: Plastic Hinge Length formulations proposed the literature

The expressions in Table 1 were mainly developed upon experimental investigations conducted on
beam and column members subjected to monotonic and cyclic loading, and only in few cases the
estimation of L,,; was based on numerical simulations [20] [43].

In two independent studies, Bae and Bayrak [18] and Elmenshawi et al. [19] compared experimental

plastic hinge lengths, determined either as the measured length of an extensively damaged zone or as
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a mathematical expression relating the experimental curvature to the relevant chord displacement,
with analytical models from the literature [8]-[15]. The large scatter of results and the different
performances of the models that were observed were ascribed to the fact that each formulation relies
on particular assumptions, including the position of the actual hinge, i.e. of the center of rotation in
the plastic hinge model, the definition of yielding and ultimate curvatures, the section geometry, the
constitutive behavior of materials, the transverse reinforcement, the support conditions and the
magnitude and type of loading [20], which are not the same for all the models. Moreover, the assessed
models give different weight to the various anelastic mechanisms, which makes the dependence on a
particular parameter predominant over the others.

Because the length of the zone affected by non-linear behavior tends to be greater for beams than for
columns, dedicated theoretical expressions were proposed. The greater plastic hinge length observed
for beams is attributed indeed to the low axial forces they are normally subjected to, which makes
them more prone to shear-induced flexural deformations [19]. Further to this, beams are usually
characterized by an asymmetric reinforcement layout. This feature affects the plastic hinge length
too.

In the early models [8]-[12], expressions for L,; accounted for bending deformations only. In a first
improvement, Priestley and Park [13] proposed a two-component formulation, where the first term
accounts for column bending, while the second term accounts for the fixed—end rotation due to bar
slip and yield penetration of longitudinal bars into the column base. Paulay and Priestley [14]

postulated the dependency of Ly,; on the yield strength f,, of the longitudinal reinforcement, to more

accurately account for different grades of flexural reinforcement, and later Priestley et al. [17]

emphasized the importance of the ratio of ultimate tensile strength to yield strength of steel f,,/f,,; for
low f,,/f, ratios plasticity is indeed activated close to the end section of the RC member, resulting in
a short plastic hinge length, whereas high £, /f, ratios increase the length of spread of plasticity across

the RC member.
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Panagiotakos and Fardis [15] reviewed a large number of tests embracing both cantilevered columns
and supported beams. The geometry of the tested specimens, the amount and layout of the
reinforcement, the concrete strength, the type of steel, and the axial load covered a very large range
of options. On such basis, the Authors proposed an expression where Ly, still depends on the shear
span z, the diameter of the reinforcement d;, and the yield strength of steel f,, but increased the
weight of the flexural contribution and reduced the weight of the reinforcement.

Bae and Bayrak [18] formulated a new expression for L,; that included the dependence on the amount

of longitudinal reinforcement through the ratio j—s (where Ay is the gross area of concrete section and
g

Aj; is the area of tension reinforcement), because they observed that L, has a consistent tendency to
increase proportionally to this quantity, independently of the axial load. This behavior was confirmed
in later studies [20] [43]. Furthermore, by testing column specimens subjected to a wide range of
axial load, Bae and Bayrak [18] concluded that L,,; is nearly constant at low load levels but, beyond
a certain threshold, namely P = 0.2 P,, where P is the applied axial force, and P, is the nominal axial
load capacity, it increases significantly with increasing of the compression.

Elmenshawi et al. [19] introduced the contribution of the “shear spread” length [, which is more
significant in beams than in columns because shear effects are normally more critical in flexural
elements subjected to low axial force, where the contribution of the concrete in resisting shear stresses
can be disregarded.

Ameli and Pantelides [44] proposed an iterative procedure to determine Ly, for either cast-in-place
or precast columns, capable of simulating both the local and the global experimental response. The
proposed expressions of L, accounted for both low-cycle fatigue and bond-slip and were in good
agreement with empirical expressions available in literature, like e.g., in references [13] and [15].
Recently, Pereira and Romao [38] highlighted the need to consider all the local mechanisms that take
place in the critical zone, in order to properly quantify the damage localization length; in fact, before

the yielding of the reinforcement, the interface effects, along with flexure and shear deformations,
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mainly contribute to the deformation capacity, while, after yielding, the behavior is predominantly
governed by flexure. For this reason, the authors suggested to decouple the interface effects from the
material strain level in order to formulate these mechanisms in terms of the size-dependent behavior
of the constitutive materials at their ultimate state, namely the strength and the stiffness deterioration
of the concrete and reinforcing steel compressive and tensile responses.

It is worth mentioning that factors affecting the plastic hinge length in RC elements subjected to
monotonic loadings could be different than those under reversed loading (either static or dynamic)
[19], and therefore some expressions (e.g., references [15] and [16]) reported in Table 1 are valid
under cyclic loading only.

Based on a wide experimental and numerical background, recommendations for concentrated
plasticity modelling of flexural RC members in non-linear analyses were introduced in the Eurocode
8 (for brevity ECS) for design of seismic resistant structures. Part 2 of EC8 [45] gives provisions for
modelling of RC piles of bridges, while Part 3 [24] addresses general modelling issues of RC

members of framed buildings. Specifically, the Code [24] provides two formulas for the plastic hinge

length
d 2
Ly = 0.1z + 0.17h + 0.24 (”—fy> )
Ve
d 3
Lpl:i+0.2h+0.11< bfy) ©)
30 [f.

Both formulations are valid under the assumptions of the curvature profile across the member length
given by Eq. (1), and the yield and ultimate rotations determined in accordance with Park and Paulay
[40]. The Code recommends to use formula (2) in combination with a confinement model for concrete
in accordance with Eurocode 2 [46], with the stress-strain relationship defined by a parabolic-
rectangular curve according to the stress block theory; on the contrary, the formula (3) is valid when
a more refined stress-strain model representing the improvement of ¢,, with confinement under cyclic

loading is assumed:
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Cc

Foc =fc[1+3.7<

Ece = Ec2 [1 +5 (% - 1)] )
AcPsxfy (6)

£, = 0.004 + 05

fe

where f_. is the confined concrete strength and €. is the associated strain, €., is the ultimate strain
of the extreme fiber of the compression zone, p;, is the ratio of transverse steel parallel to the direction
of loading and «, is the confinement effectiveness factor, which depends on the dimension of the
confined core and the stirrup spacing.

Both expressions of Eq. (2) and Eq. (3) include the contributions of the shear span z, the overall depth
h of beam or column cross-section, the diameter d;, and the yield strength f,, of the longitudinal

reinforcement, and the concrete compressive strength f.. It is noteworthy that only few equations,
namely those defined in references [8] [18] [20] [21], among those reported in Table 1 account for
fe» since experimental findings reported in literature seem to suggest that RC members made of high
strength concrete (up to 175 MPa) have comparable extension of the plastic region with their normal
strength concrete counterparts [19]. However, the concrete strength may have an indirect influence

on L,;, as shown, e.g., in reference [43], as it affects the curvature distribution and the flexural

pl>
strength and, in turn, the shear demand on the element, which is considered (alongside the cross-
section effective depth) the main factor influencing the plastic hinge length.

By referring to the Italian scenario, the Italian Building Code “Technical Norm for Constructions”
(for brevity NTC) [37], in its Explanatory Circular [25] provides the same expression of Ly, as in Eq.
(2), but differently from ECS8 [24], it suggests to adopt the detailed stress-strain model for confined
concrete according to Mander [47], instead of the parabolic-rectangular relationship defined in
Eurocode 2 [46]. The effect of this combination will be investigated later.

In the concentrated plasticity formulation, the inelastic behavior is activated only within assigned

regions of the structural member, while the remaining part is assumed to behave elastically. In order

12
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to account for the reduced flexural stiffness, an effective area moment of inertia I, of the elastic
region intended to mimic (in a simplified manner) cracking-induced softening phenomena is
frequently adopted [28]-[30]. The simplest approach consists in taking the effective area moment of

inertia as an assigned fraction of the area moment of inertia I; of the gross cross-section, where 50%
of I is a common figure [28] [29]. In contrast, other authors suggest to adjust the effective stiffness
on a mechanical model. Brason and Metz [48] proposed an expression for I, that accounts for the

gradual change in stiffness with the progression of cracking

Mr\? Mcr? . (7a)
If My > Mgy, then I, = (M_b> I+ |1- ( Mb> ey, With Lo < I,
If My <M, thenlp =1, (7b)

where M}, is the bending moment acting on the concrete section, M., is the bending moment at first
cracking and I, is the area moment of inertia of the cracked section evaluated at the critical point of
the moment-curvature relationship. Fardis [16] proposed both a theoretical effective stiffness,
calculated directly from the yield moment M,, and the chord rotation at yielding 6y, and an empirical
effective stiffness, fitted directly to test results. This latter expression depends on the structural

member under consideration, the possible slippage of the longitudinal bars from their anchorage

beyond the member end section, the shear span to depth ratio (%) and the axial load ratio v = Z
glc

(here N is the axial load under gravity actions alone):

E.l,q = a(0.8 + logy %) <1 +0.048 min (% 50MPa)) (1-0.25a5)E,I, ®)
where the value of a depends on the member type (i.e., beams, columns, or walls) and ag; counts
either 1 or 0 depending on whether slippage of longitudinal steel is possible or not.

Another approach was proposed by Priestley [49], who recommended to calculate the effective
flexural stiffness from the bilinear approximation to the moment — curvature relationship, according

to the expression:

13
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where E_ is the concrete modulus of elasticity, My is the cross-section nominal flexural strength and
@y 1s the yield curvature, which for rectangular columns can be evaluated as ¢, h = 2.12 &, £10%,
being &, the yield strain of the longitudinal reinforcement and /4 the cross-section depth [49]. This
formula has the merit to take into account the axial force, which increases the nominal flexural
strength of the columns at the lower stories of a multistory building, and allows to differentiate
between columns and beams. For ease of implementation, in design codes I, is generally assigned
as a fixed fraction of I, with only few exceptions, like e.g. the North American code ACI 318 [23]
where values of I, accounting for axial load, eccentricity, reinforcement ratio, and concrete
compressive strength, similarly to the moment-dependent expression proposed by Branson and Metz
[48], e.g., Equation (7), are adopted. Part 1 of EC8 [50] assigns the flexural and shear stiffnesses of
the cracked concrete section as one-half of the stiffnesses of the uncracked section, thus defining the
effective area moment of inertia as:

Iq = 0.5I, (10)
and the same provision is given in the Italian Building Code [37]. A similar approach is followed also
in e.g., the Greek and the New Zealand codes [31] [32], but the two norms prescribe different
reduction factors, ranging from 0.4l; for beams to 0.81; for the interior columns of a frame,

depending on the expected axial load ratio of the RC member under consideration.

14
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3. Numerical investigation

3.1 RC case study frames

The case-study structures examined in the study consist of four RC building frames from two to

twelve stories in height. Each floor has three bays of 5 m in both horizontal directions (Figure 1) and

a constant inter-story height of 3.5 m. The geometry of the four frames and the material properties

are taken from reference [51].

= &1 L& T H
E IEI IEI E
E |E| |E| E
Y‘ L1 - T CHET Al

Figure 1: Typical plan of the case-study structures, with highlights of the peripheral seismic

resistant frames
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The structures can be assumed as paradigmatic of low-rise (2 and 4 stories) and medium-rise (8 and
12 stories) buildings, designed in compliance with the Italian Building Code [37] for medium ductility
class (CDB) with a behavioral factor q = 3.5, respecting the strong-column/weak-beam concept. The
municipality of L’ Aquila (Italy, latitude 13.3944°, longitude 42.366°), a city in a high-seismic prone
area (PGA = 4.062 m/s?) belonging to seismic zone 1 (highest seismic hazard) of the Italian seismic
classification [37], with soil Type C (medium-dense sand, gravel or stiff clay formation) and
topographic category Tz, is assumed for the design. The buildings are designed as ordinary structures
subjected to overcrowding, with functional class cu = II, and an anticipated design life Vn = 50 years.
Dead and live load contributions are given in Table 2, where the assumed live load Q = 4 kN/m?
applies to use category D (shopping areas) of the Code [37]. The seismic combination, calculated
according to the recommendations of NTC [37] and taking a combination factor of 0.6 for the live

load Q as prescribed for use category D, controlled the design of the buildings.

Level G G 0
[kN/m?]  [kN/m?] [kN/m?]
1 to n-1 3.5 4.5 4
n (roof) 3.5 3.5 2.18

Table 2: Dead and live loads (n: number of stories; Gi: permanent structural loads; G2: permanent

non-structural loads, Q: live loads)

The peripheral frames are designed to provide horizontal resistance to seismic loads, while the
internal columns are designed to carry only gravity loads (Figure 1). Two-way rigid floor slabs are
assumed at each floor.

The frames are designed as ductile RC structures made from slender members, failing in flexure. For
this reason, brittle mechanisms, such as shear failure of beams or columns or beam-column joints, are
not taken into account in the numerical model. Also, other failure mechanisms like bond slip and low-

cycle fatigue are not addressed in the study. In each building, the cross sections of beams and columns

16
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are kept constant for all floors (Table 3), in order to precisely control the locations where plastic
hinges are triggered (namely, at the bases of the columns of the first floor and at the ends of the beams

of each floor).

2 stories 4 stories 8 stories 12 stories

Columns 40x40 70x70 70x70 90x90

Beams 30x40 50x60 50x70 50x90

Table 3: Cross-section dimensions for columns and beams, in [cm]

In accordance with NTC [37], the total longitudinal reinforcement ratio p; of the seismic resistant

columns ranges from 1% to 4%, while in beams the ratio of the longitudinal reinforcement in tension,

p¢, and the ratio of the longitudinal reinforcement in compression, p., fulfill the condition %4 < pr <
y

o, + 3}—5 (Table 4).
y

Floors 2 stories 4 stories 8 stories 12 stories

Pt Pc Pt Pc Pt Pc Pt Pc

11th — 12th 0.47 0.47
9th — 10th 0.59 0.59
7th — gth 0.52 0.52 0.71 0.71
5th — gth 0.77 0.77 0.82 0.82
3rd — 4th 1.01 0.76 1.03 1.03 0.94 0.94

1st—2nd 16 126 126 13 1.03 1.03 1.18 1.18
Table 4: Longitudinal reinforcement ratios in tension and in compression in the critical zones of

beams, in [%]

The spacing of transverse reinforcement s in the critical zones of the structural members is determined

as s = min {%;17.5cm; 8db} for seismic resistant pillars, and as s = min {%;225mm;8-

17
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dp; 24dg} for beams, where B, is the section width of the pillars, { is the lever arm of the beam
cross-section and dg; > 6 mm is the diameter of the stirrups. Table 5 and Table 6 provide the shear

reinforcement ratio ps, in the critical zones of beams and columns respectively, determined as the

. A . . o .
ratio B—s;, where Ag; is the area of the transverse reinforcement parallel to the direction of horizontal

loading and B is the cross-section width of the structural element.

Floors 2 stories 4 stories 8 stories 12 stories
11th — 12th 0.35
9th — 10th 0.46

7th — gth 0.35 0.46
5th _ gth 0.42 0.56
3rd — 4th 0.48 0.52 0.56
15t — 2nd 0.68 0.58 0.52 0.70

Table 5: Shear reinforcement ratio in the critical zones of beams, in [%]

Floors 2 stories 4 stories 8 stories 12 stories

all 0.76 0.99 1.42 1.46

Table 6: Shear reinforcement ratio in the critical zones of columns, in [%]

3.2 Numerical model of the RC case study frames

Given the regularity in plan of the examined case-study frames and their symmetry along two
horizontal axes, for each building a simplified 2D analysis is conducted on a single external peripheral
seismic resistant frame in the X-direction and considering the tributary loads and masses pertaining

to this frame, in line with accepted practice [29] [52]. This simplification allows to ease the

18
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interpretation of the results and to focus on the differences observed by using different modelling
approaches [28] [29].

Seismic masses were evaluated by taking into account the combination of full permanent loads and
live loads as recommended in the Code [37]. The periods of the first and second vibration modes of
the frames, associated to more than 85% of the modal mass, are listed in Table 7. The apparently
anomalous decrease of the fundamental period observed by switching from the two-story to the four-
story frame is however justified by the huge increase of the cross-sections of beams and columns

(Table 3), which results in an overall increase in stiffness for the taller building.

Period 2 stories 4 stories 8 stories 12 stories

Is]
T, 0.490  0.433 0815 0.916
T, 0.157  0.130 0.262 0.293

Table 7: Elastic periods of the case-study frames

Finite element models of the structures are formulated within the OpenSees framework [1] according
to two approaches: distributed plasticity and concentrated plasticity. In the first approach, beams and
column members are modeled using the forceBeamColumn element object, which is based on the
iterative force-based formulation [7]. This element object accounts for three distinct sub-elements,
which represent the two external regions and the internal (middle) region of the member, respectively,
and permits to assign a different material section model to every sub-element. A two-point Gauss-
Radau integration scheme applied to each sub-element is used in the element state determination, for
a total of six integration points across the whole element object [7], while geometrical consistency
and equilibrium of internal forces between the sub-elements is provided by the object formulation. A

variety of combinations of material models, either linear or non-linear, can be used for the external
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and the internal regions, encompassing both distributed plasticity and plastic hinge integration. The
external regions correspond to the critical zones where non-linear behavior is supposed to be activated
[37] and are characterized by closer stirrup spacing, as described in Section 3.1. In these regions, the
confined concrete core presents higher compressive strength and ultimate strain than the confined
core of sections located in the middle region of the member. A material non-linear fiber section model
is formulated in both the external and the middle sub-elements, allowing the spread of the plasticity
also beyond the critical zones. Each steel bar is modeled as a single fiber using uniaxial Giuffre-
Menegotto-Pinto constitutive law [53], corresponding to Steel()2 material model with isotropic strain
hardening [54]. The yield strength f,,, the modulus of elasticity Es and the strain-hardening ratio b
are assumed equal to 390 MPa, 200,000 MPa and 0.01, respectively; the parameters that control the
transition from the elastic to the plastic branch are assigned as Ry, = 18, Cp; = 0.925 and Cz,=0.15,
as recommended in reference [55]. The concrete part of the cross-section is discretized into 5 fibers
in the cover patches and 20 fibers in the core patch. The Mander concrete model [47] is implemented
with initial elastic modulus E, = 29,584 MPa, using the library uniaxial material Concrete(04, which
is based on the model proposed by Popovics [56]. Concrete class is C35/45; the compressive strength
of the concrete cover is f.oper=35 MPa and strains €. and €., are 0.002 and 0.004 mm/mm,
respectively. Strength and strains of the confined concrete of the core patch are adjusted depending
on the reinforcement details of the specific cross-section. The concrete tensile strength and
corresponding strain are f.,= 3.67 MPa and &;= 0.000124 mm/mm.

In the concentrated plasticity approach, beams and column members are modelled again using the
forceBeamColumn element [7]; a linear elastic material behavior is assigned to the internal sub-
element, whereas the non-linear behavior can be activated only in the two external sub-elements. In
these plastic regions, whose length is assigned by the user, the concrete non-linear behavior is
modelled through a fiber section model with same material parameters used in the distributed

inelasticity formulation, while an effective moment of inertia I, of the elastic element interior is

considered to account for concrete cracking. In this version with elastic interior, the element object is
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also known as beamWithHinges element object [ 7] [55]. The same two-point Gauss-Radau integration
scheme and the same number of integration points (six across each element object) is therefore used

in the element state determination for both distributed and concentrated plasticity representations.

The six expressions of L,; considered in the formulation of the concentrated plasticity models and
the supporting hypotheses are listed in Table 8. Each expression for L,; cannot be implemented
independently of the paradigms introduced for the curvature profile, method to compute the yield and
ultimate curvatures and moments, as well as for the adopted concrete confinement model and type of
loading [16] [57]. For this reason, only expressions respectful of the hypotheses of Eq. (1) [40] and
valid for both beam and column members have been considered. All the expressions in Table 8 were
evaluated considering a well-detailed confinement model [47], and are valid for cycling loading, in
line with the scope of the present work. The expressions P-P [14] and NTC (Eq.(2)) [25] can be
implemented along with the classical Mander model for confined concrete, while CEN (Eq.(3)) [24],
P-F [15] and FAR [16] expressions require the modified Mander formulation described by Egs.(4) —
(6). However, since the concrete strengths evaluated by the two formulations differ by less than 5%
and the ultimate strains are nearly equivalent, the classical Mander concrete model has been adopted
in the paper whichever the plastic hinge model to be implemented. It must be mentioned that only the
ELM expression [19] is not associated to any specific confinement model, but the material and
reinforcement properties of the case-study frames are within the range assessed in the experimental
tests used for the development of the model [19] and therefore it is assumed that the Manded model

can be adopted also for this formulation.

21



CENP

NTC!23)
1 max(0.01; w') 1%%%° 7,035 ape
— N—— Z sx 100pg
—-0.016(03 )[max(0.0l; ) fc] (3) 25 (1.251000a)
1 0.5L,,
Yel( y + (0 — 0Lt P
py(z +ay()

1.5h
+0.0013 (1 + T) +0.130,d, £, /\f:

7.94f,  2f;
£(—1.254 + 2.254 |1 4 L _ 210
fe fe

&2 [1 +5 (%— 1)]

T

0.1z + 0.17h + 0.24d, f, /\/f.

3

1 max(0.01; w") 0225 . 035
— fe

— < 257 i 1.251000
- sXf, d
max(0.01; w) ( ) (. )

h
1 0.5L,,
_<9y + (‘pu - ‘py)Lpl (1 - 5 ))
Yel Z

oy(z +a,Q)
3

0.016(0.3") [

el

1.5h
+0.00135 (1 + T) + %dbfy/@/ﬁ

apsxfyw>0.86

c

f(1+ 3.7(

&2 [1 +5 (%— 1)]

apsxf yw)

cc

0.004 + 0.5 (

V4

30 0-2h+ 0.11d,f,/\/f:

Table 8: Plastic hinge length formulations investigated in the study
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Table 8 continued: Plastic hinge length formulations investigated in the study
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The flexural area moment of inertia of the interior elastic sub-element was initially reduced by 50%
with respect to that of the gross cross-section, , as recommended in both NTC [37] and ECS8 [50]. In
order to assess the effect of the axial load, which increases the cross-section flexural strength of the
columns at the lower stories, additional analyses were performed by considering the expression of
the effective area moment of inertia proposed by Priestley [49] as per Eq.(9). The two expressions

for I, will be labelled hereinafter as [, s I (Eq.(10)) and Ip (Eq.(9)), respectively. For each case-study

frame a total of 12 analyses was therefore carried out considering the combinations of the six L,;s

and the two I,4s.

In all models, the masses of the structural members (beams, columns, and slabs) are concentrated at
the nodes, dead and live loads are uniformly distributed on each beam and have been calculated
according to the tributary area concept; P-Delta effects are considered in the analysis, while bond slip
and low-cycle fatigue effects have been disregarded. The columns at the ground floor have fixed base
supports, simulating rigid foundations. The damping of the frame is defined according to the Rayleigh
method. However, according to other studies [17] [58]-[61], the damping matrix is computed as a
function of the tangent stiffness matrix only, assuming 5% damping ratio [62] [63]. In spite today it
is well accepted that the values of damping of RC structures should range between 0.5% and 2% for
NLTH analyses [64] [65], a 5% value has been chosen in order to take into account the energy
dissipation coming from possible infill panels or other non-modelled non-structural components.

The floor slabs are modeled as rigid diaphragms, by constraining the nodes belonging to the same
floor to have the same displacement. As highlighted e.g., in references [27], [52], the interaction
between beam elements modeled with fiber sections and the rigid diaphragm may distort the response
of the structure, overestimating the moment resistance of the beams. Under the effect of the seismic
action, concrete elements tend to crack and because of that, the neutral axis of the RC cross-section
undergoes a shift. The rigid diaphragm prevents the movement of the neutral axis, causing fictitious

compressive axial forces in the beams, thus overestimating the actual bending moment resistance and
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modifying the overall collapse mechanism. To avoid this numerical issue, following Barbagallo et al.
[52], an “axial buffer” has been introduced in the FE model. This element, which is assigned through
a zeroLength element object [66] characterized by a virtually zero axial stiffness and very high
stiffnesses in shear and bending, is placed between one end of each beam and the adjacent node
belonging to the rigid diaphragm, and it works as an axial release to eliminate the fictitious axial
force.

In accordance with NTC [37] and with established practice, non-linear dynamic analyses were
performed considering a set of seven natural ground motions selected from the European Ground
Motion Database [67] using the computer program REXEL [68]. The seismic inputs agree, in the
interval of periods between 0.15 and 2.0 seconds, with the elastic spectrum at 5% equivalent viscous
damping ratio defined by the Code [37] for the life-safety limit state (SLV) of an ordinary structure
(functional class cu=II) with a nominal life Vi = 50 years, located in L’ Aquila, soil type C, category
T2.. The magnitude (Mw) of the seven events was chosen within the interval [5.3 — 7.3], with an
epicentral distance (Rep) in the range 0—30 km. Details of the input ground motions are provided in

Table 9 and Figure 2.

Waveform ID PGA SF t Station ID Earthquake Name Magnitude Mw R,

[m/s’] [ [s] [km]
42ya 249 1.62 26.52 ST8 Ionian 5.8 15
133ya 093 435 2642 ST33 Friuli 6.0 9
333xa 2.25 180 41.86 ST121 Alkion 6.6 20
599xa 097 4.15 47.17  ST223 Umbria Marche 5.7 25
772xa 0.56 7.16 15.16 ST223 Umbria Marche 5.3 20
1726ya 2.64 153 29.18 ST549 Adana 6.3 30
6975ya 0.51 793 34.85 ST327 [zmit 5.8 26

Table 9: Selected natural ground motions; PGA = Peak Ground Acceleration, SF = Scale Factor, ¢ =

duration of the earthquake
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Figure 2: Scaled ground motion spectra and target spectrum according to NTC [37]

Since one of the selected inputs shows an extremely high acceleration peak close to the first periods
of the 2-story and the 4-story frames (i.e., 0.490 sec and 0.433 sec, respectively), it was preliminary
checked that this record would not induce any irregular behavior of the structures that bias the results.
The maximum scatter from the mean estimates was found on the order of either 25% (2-story frame)
or 35% (4-story frame) for the inter-story drift, and significantly smaller for the floor accelerations

and the internal forces in the columns at the first floor.
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4. Results

Since the structures are designed in compliance with the Italian code [37] and respectfully of the
principles of the performance-based design, the distributed plasticity formulations (hereinafter
referred to as FIBER models) of the four case-study frames are used as the benchmarks. Indeed, in
the distributed plasticity model the non-linear behavior is not supposed/intended to be activated in
assigned regions of the structural members, but can spread across their whole length, capturing in a
more reliable way the overall flexural behavior of the frame [34]-[36]. The concentrated plasticity
models have been formulated as coherent and comparable to each other as possible, using expressions
of the plastic hinge length L, respectful of the same fundamental hypotheses, applicable to both
beam and column members and valid under cyclic loading. Moreover, these models are consistent
with their distributed plasticity counterpart since all of them incorporate the same material properties

and constitutive behaviors.

As a first consistency check, plastic deformations were verified to occur in the frames at the same
locations independently of the adopted plasticity model. Figure 3 highlights the locations where
activation of the plastic hinges has been predicted in time history analyses. Only plastic hinges that
are predicted both from the concentrated plasticity formulation of the frame and from the 12
distributed plasticity formulations (resulting from the six L,; and the two I,4) have been reported.
Filled spots indicate plastic hinges that are engaged in each model from all ground motions, and
empty spots indicate hinges that are engaged in each model by at least two out of the seven ground
motions, but not by all of them. The activation of plastic mechanisms at the ends of the beams and at
the bases of the ground floor columns is in agreement with the capacity design principles, anticipated
in the design of the case-study structures. It is apparent that in each frame, plastic hinges were
triggered at the same locations, and the results were coherent regardless the modelling choice. It is
also worth noting that in the 8-story and the 12-story frames plastic hinges always formed in the

external columns of the ground floor but not always in the internal columns, though these latter are
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subjected to greater moments, because the effective strength of the external columns can be
significantly reduced with respect to the nominal value due to the variation of axial load during lateral

swinging of the building.

|
!
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!
|
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|
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I

% - . L . . o o . . e el .

Figure 3: Locations of the plastic hinges triggered in the case-study frames

At the end of the time-history analyses, the response of the case-study structures has been evaluated
considering engineering demand parameters such as inter-story drifts, absolute accelerations, and
maximum forces and moments in the ground floor columns. During the post-processing of the
analysis results relevant to each case-study frame, the maxima of each demand parameter have been
identified for each time-history analysis (i.e. for each ground motion in Table 9); then, the mean value
of these maxima has been computed for each plasticity formulation and evaluated. A detailed

comparison among local-level response of the models is out of the scope of the present work.

Figure 4 to Figure 7 show the results obtained from the analyses performed considering the
combination of the various plastic hinge lengths with a 50% reduction of the area moment of inertia

(Iys Ig) for the elastic interior of beam and column members, compared to the results provided by the

distributed plasticity formulation (FIBER). The comparison is made in terms of maximum inter-story
drift ratio 4,,,, and maximum Peak Floor Acceleration PF A,,,, evaluated over the whole structure,

and maximum base shear V,,,,,, and base moment M,,,, in ground floor columns.
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Regardless of the modeling approach, i.e. whether distributed or concentrated plasticity is
implemented, and the adopted plastic hinge formulation, the 2-story and 4-story frames present the
maximum inter-story drift ratio at the second floor, the 8-story frame at the third floor and the 12-
story frame at the sixth floor; the maximum accelerations always occur at the last floor of each frame,
while the most stressed elements across the frames are the internal columns at the ground floor, and
for this reason, in the study the maximum base shear and the maximum base moment will always

refer to these members.

Figure 4 shows the results for the maximum inter-story drift ratio 4,,,,: the panel on the left compares
the estimates provided by the various Ly,; formulations, while the panel on the right shows the relative
deviation (in %) of each estimate from the benchmark value provided from the distributed inelasticity
model. For the 2-story, 4-story and 8-story frames the concentrated plasticity models underestimate
the benchmark response (Figure 4a); more precisely, the deviation is on the order of -10% for CEN,
FAR, P-P and P-F formulations, whichever the frame, while the ELM and the NTC models provide
a better agreement for the 4-story and the 8-story frames, with deviations on the other of -5% (Figure
4b). The opposite behavior is noticed for the 12-story frame: CEN, FAR, P-P and P-F formulations
are in good agreement with the benchmark, while ELM and NTC overestimate it by about 5%. Only

for the 2-story building the drift is not significantly affected by the assumed plastic hinge model.

Also for the maximum base moment M,,,, (Figure 5) the concentrated plasticity models
underestimate the results of the distributed plasticity representation, though providing values
comparable to each other. Relative deviations from the benchmark are on the order of -5% for the 2-

story and 4-story frames, but rise to -10% for medium-rise buildings.

A fair agreement between the concentrated and the distributed plasticity formulations is found when
the maximum base shear force and the maximum Peak Floor Acceleration are examined, with
deviations in general smaller than 5% (Figure 6 and Figure 7). Regarding PF A, 4, With P-P, P-F,

FAR and CEN formulations the relative deviation (Figure 6b) is positive for low-rise frames, and
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negative for the 8-story and the 12-story frames, but always less than 3%; the ELM and NTC models

show a very fair agreement with the benchmark for all the buildings but for the 12-story frame, for

which
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Figure 8 to Figure 11 show the results obtained from the analyses performed combining the

concentrated plasticity formulations with the effective area moment of inertia I, according to Eq.(9).

In general, the lumped plasticity formulations keep underestimating the maximum inter-story drift
ratio 4,,,, (Figure 8) predicted in the distributed plasticity approach (with only few exceptions, e.g.,
the 12-story frame with ELM or NTC models), but the agreement is significantly improved in
comparison to Figure 4 for the 4-story and the 8-story frames: for the first structure, the deviations
from the distributed plasticity benchmark become negligible, and for the second one, the deviation is
on the order of 4% for ELM and CEN formulations, and of 6-7% for the other models. In contrast,

there is no apparent benefits when the 12-story frame is considered: for ELM and NTC models the
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accord does not change, while for the others the deviation changes from a virtually zero value to about

-5%. For the 2-story frame there is no substantial change with respect to Figure 4.

The maximum Peak Floor Acceleration PF A, 4, estimates (Figure 9) do not change significantly for
the 2-story and the 4-story frames with respect to the results shown in Figure 6, while the agreement
with the benchmark improves for the 8-story frame: notably, for these three frames the lumped
plasticity formulations show a fair agreement with the distributed plasticity approach. For the 12-
story frame the PF A,,,, is slightly overestimated by the plastic hinge formulations, with a deviation
on the order of 5% for all models but for ELM and NTC models which have a deviation higher than

7%.

Also for the maximum base shear V,,,,, (Figure 10), the results of the concentrated plasticity models
are not significantly affected from the adopted expression for the effective area moment of inertia,
and are comparable to those shown in Figure 7, confirming an acceptable agreement with the

distributed plasticity approach (deviation less than 5%).

A remarkable improvement on the estimate of M,,,, is instead evident by comparing Figure 11 to
Figure 5; the deviation between the lumped plasticity models and the benchmark is reduced to values
below 10%, and for the 4-story frame, in some cases the deviation is even negligible. Anyway, the
results confirm that the agreement is better for low-rise than for medium-rise frames, and the

influence of the adopted plastic hinge formulation is generally low.
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Non-structural components, such as supply lines, plants and architectural elements, as well as
technological content that may be present in the buildings, are sensitive to displacements and/or
accelerations [69]; for this reason, a second comparison is made in terms of peak inter-story drift ratio
A and peak floor acceleration PFA at each floor. The results shown in Figure 12(a) to Figure 19(a)
pertain to FIBER, P-P, CEN and ELM formulations combined with the effective area moment of

inertia Iy s1, according to Eq. (10), and those shown in Figure 12(b) to Figure 19(b) pertain to P-P,

CEN and ELM formulations combined with I, according to Eq.(9). For sake of brevity, the results
associated to P-F, FAR and NTC models have been omitted because very close to the ones relevant

to P-P and ELM, respectively.

As apparent in Figure 12 to Figure 15, the lumped plasticity models generally provide a stiffer
behavior than the distributed plasticity approach, underestimating the inter-story drift at each floor.
However it is noted that for the 12-story frame the ELM model overestimates, in particular at floors
6 and 7 where the largest drifts occur, the response calculated by the FIBER model, consistently with

the results presented in Figure 4 and Figure 8.

In contrast, the predicted Peak Floor Acceleration is not substantially affected by the modelling choice

(Figure 16 to Figure 19), even though for the 12-story frame the concentrated plasticity models predict
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slightly higher accelerations at the top floor than the benchmark. These results are consistent with

those shown in Figure 6 and Figure 9.

Analyzing more in detail the effects of the modelling choices, the estimates of drift ratio and peak
floor acceleration of the 2-story frame (Figure 12 and Figure 16) seem to be affected neither by the

choice of Ly, nor by the effective area moment of inertia. However, while the differences from the

distributed plasticity model in terms of PFA are negligible, the drifts are significantly underestimated.

For the 4-story frame the agreement on drift estimates is significantly improved by combining L,,;
with Ip, and the diagrams of the various models practically overlap (Figure 13b). For the 8-story and
12-story frames, the differences among the models are more evident, in particular, when I, is taken
as Iy 51, the ELM curve is the closest to the benchmark at each floor, while CEN and P-P plots,
though in good agreement with each other, underestimate the FIBER values. The discrepancy
between the lumped plasticity models and the benchmark are reduced when I, is assigned as Ip,

Figure 14b and Figure 15b.

Little influence of the effective area moment of inertia is instead found on the estimate of floor

acceleration. In general, the agreement on PFA is already very good among all models when [ 5 1, 1

assigned, and switching to Ip does not lead to any practical improvement. Actually, only for the 12-
story building (Figure 19) a certain mismatch is observed between P-P and CEN models on one side,
and FIBER and ELM models on the other side, but the difference, which concerns only the

intermediate floors, is within 10%, and does not affect PF A,,,, which is attained at the top floor.
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5. Discussion

The engineering demand parameters that appear to be mainly affected by the modelling decisions are
the inter-story drift ratio 4 and the maximum moment in the ground floor columns M,,,,, while the
peak floor acceleration PFA and the maximum base shear 1},,, are less influenced. When a 50%

reduction of the gross area moment of inertia [, 5 1, of the cracked concrete section is assigned to every

beam and column member, plastic hinge lengths according to the ELM and NTC formulations provide
estimates more in agreement with the distributed plasticity approach (Figure 4, Figure 12 to Figure
15). This especially occurs when the medium-rise (8-story and 12-story) frames are analyzed. In
contrast, the results of the 2-story frame are practically unaffected by the modelling choices, and the
inter-story drifts of the benchmark model are considerably underestimated regardless of the assumed
plastic hinge length or the effective area moment of inertia, whereas the agreement on the internal

forces in the most stressed columns at the ground floor is very fair.

The performances of the various formulations can be explained by considering the extension of the
plastic hinge region associated to each model, as shown in Figure 20. P-P and P-F formulations
provide very close values of L,,;, both for column members (L,; from 0.30 to 0.33 m) and for beam
members (L,; from 0.35 to 0.38 m), whichever the analyzed frame, and indeed these two models

yield similar results, as shown in Figure 12 to Figure 19. The two models account, in the expression
of Ly, for the contributions of the shear span z and of the longitudinal reinforcement (Table 1): indeed
P-F assumes a 50% higher contribution of z than P-P, but this is counterbalanced by a lower influence
of the reinforcement contribution dj, f;,. The FAR formulation anticipates shorter plastic hinge lengths
than the previous two models, especially for the 2-story and the 4-story frames, but the difference
disappears in taller structures. It is worth recalling that in the theory underlying the FAR formulation
the dependence upon the reinforcement is not explicit in the formulation of Ly, but it is included in

the expressions of the rotations at yielding and failure (Table 8).
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The ELM formulation accounts, as an additional contribution, for the length of the shear spread,
which is more important in beam than in column members. The predicted plastic hinge length is the
largest among all the examined models, and ranges from 0.45 to 0.75 m for columns and from 0.50

to about 0.8 m for beams (Figure 20) depending on the considered frame.

The expressions of L,,; provided by the European and the Italian codes depend on the shear span, the
section depth and the longitudinal reinforcement, but assign different weights to each contribution
(Eq.(2) and Eq.(3)). Therefore, the plastic hinge lengths calculated according to NTC are about two
times greater than their CEN counterparts, and close to ELM’s. In this regard it is worth noting that
in the 8-story and 12-story frames the plastic hinge lengths calculated according to NTC and ELM
formulations stretch to about 1/6 of the total length of each structural member; in contrast, plastic
hinge lengths according to P-P, P-F and FAR formulations are on the order of 10% of the member
length for columns, and 8% for beams; intermediate values are provided by the CEN formulation.
But for P-P and P-F models, the length of plastic hinge region increases with the number of stories,
which explains the poor agreement with the distributed plasticity model in terms of inter-story drift

observed in the 2-story frame.

L, [m] Columns L, [m] Beams
—o—2 stories —@—4 stories —@—8§ stories —0— 12 stories 1 —0—2stories —@—4 stories —0—8 stories —0—12 stories

1
0.8 0.8
0.6 0.6
0.4 0.4
0.2 0.2

0 0

C
¥ ¥ RS & ¥ ¥ S RS &

Figure 20: Plastic hinge length L,,; for column and beam members

Disregarding the ELM and NTC models, for which the benefit is indeed negligible, the estimates of

demand parameters provided by the concentrated plasticity formulations show an improved
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agreement with the distributed plasticity benchmark when the reduction of the gross area moment of
inertia is assigned according to Eq. (9), i.e. I, = Ip. This formula indeed, which accounts for the
contribution of the axial load, differentiates between column and beam members, and among columns
at different floors. The ranges of the coefficients of reduction of I, with respect to the area moment
of inertia of the gross cross-section I, calculated by Eq. (9) for the examined case-study frames are
reported in Table 10. Beams, characterized by negligible axial force, have coefficients of reduction
considerably lower than columns subjected to high axial load, which has a beneficial effect in
increasing the cross-section nominal flexural strength. It is worth noting that the reduction

coefficients shown in Table 10 are comparable to the ones prescribed in the New Zealander norm

[31].

Member 2 stories 4 stories 8 stories 12 stories

Beam 0.37 0.25-03 0.24-0.28 0.22-0.34
Column, internal 0.57—-06 053-046 056—-0.58 0.52—0.58
Column, perimetral 0.56 — 0.57 0.53 —0.54 0.55-0.59 0.54 —0.59

Table 10: Reduction coefficients of the gross area moment of inertia of the case-study frames

according to Eq.(9)

As highlighted in Figure 8, for the 4-story, 8-story and 12-story frames the concentrated plasticity
models combined with the reduced area moment of inertia I yield estimates of 4,,,, which deviate
less than 10% from the benchmark; these results are also confirmed from the plots reported in Figure
13 to Figure 15 which show that the global deformation of the distributed plasticity model is well
captured, especially for the 4-story frame. Good agreement is obtained also in terms of PFA, PF A, 45
and V4, (Figure 9, Figure 10, and Figure 16 to Figure 19) with scatter less than 5%, even if these

response parameters are less affected by the choice on I,,. Also for M, 4, assigning I, = Ip leads to

an improved agreement for P-P, P-F, FAR and CEN models (Figure 11). Generally speaking, the
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adoption of the area moment of inertia I, dependent upon the axial load benefits more those lumped
plasticity models which are characterized by a “short” plastic hinge length than those anticipating a

“long” Ly, (e.g., ELM and NTC models), which indeed stretches across a significant part of the total

length of the structural member and consequently is likely to envelop the actual cracked region.

The effective area moment of inertia I, does not carry any substantial improvement in the analyses
of the 2-story frame. Therefore, regarding the accuracy of the results, the lumped plasticity approach

does not seem a viable alternative to distributed plasticity modelling for very short-rise buildings.

The results presented in this study highlight that for non-linear analyses of framed RC buildings
adopting a lumped plasticity formulation in accordance with Eurocode 8 [24] or with the Italian
Building Code [25], the agreement with the results of a full distributed plasticity formulation can be
substantially improved, in terms of inter-story drifts and maximum base moments, when the effective

area moment of inertia I, of the elastic region of each member is assigned according to the formula
given in Eq.(9) accounting for the effect of the axial load, rather than according to the formula I, =
0.51, provided in the Codes themselves. This suggests that a more realistic approach is to differentiate
the value of I, between either beam or column members, as well as among columns subjected to

different levels of axial load, in line with other norms [31] [32].

42



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

6. Conclusions

The study investigates the performance of concentrated plasticity models used to represent the non-
linear response of RC frames with flexural behavior in the context of time history analyses. The
models were formulated in the OpenSees framework using the forceBeamColumn element object [7]
coded in the software libraries, considering different modelling choices pertaining to the length of the
plastic hinge region Ly, and the effective area moment of inertia I, of the cracked concrete section.
Four reinforced concrete frames with 2, 4, 8 and 12 stories were taken as case-study structures. The
frames were designed in compliance with the current code recommendations and according with the
principles of the capacity design, avoiding brittle collapse; other failure mechanisms, such as bond
slip or low-cycle fatigue, were not considered as well. Non-linear dynamic analyses were performed,
and the response of the frames evaluated under a set of seven spectrum-compatible earthquakes
according to the Italian Building Code [37]. Only plastic hinge formulations valid for cyclic loading
and applicable to both column and beam members were taken into account.

The main outcomes of the research are summarized in the next points:

(1) depending on the modelling decision, the plastic hinge length L, varied between 10% and 20%
of the member length for columns, and between 8% and 16% of the member length for beams, and,
in the examined frames, was also affected from the height of the building, with greater lengths
anticipated for taller structures; these differences were reflected in the analyses, with closer results
provided by the models yielding comparable values of Ly,;

(2) all the concentrated plasticity models were able to capture the global mechanical response of the
case-study buildings predicted according to a distributed plasticity formulation, and to identify the
locations where plastic hinges were triggered;

(3) regardless the choice of the plastic hinge length L,,; and the effective area moment of inertia I,
of cracked concrete sections, estimates of absolute acceleration and maximum base shear provided

by the concentrated plasticity models were in acceptable agreement with the distributed plasticity
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benchmark; in contrast, lumped plasticity models tended to underestimate the inter-story drift ratio
and the maximum base moment in all frames, with the only exceptions of the 12-story frame , where
the drifts were overestimated by the ELM and NTC models; better agreement on the maximum base
moment was consistently achieved in low-rise than in medium-rise buildings;

(4) regarding the modelling choice used to account for the reduced flexural strength of the cracked
concrete section, a closer agreement with the results provided from the distributed plasticity approach
was achieved by assigning an area moment of inertia dependent upon the axial load (Eq.(9) in the
paper), rather than a fixed 50% reduction of gross area moment of inertia as recommended in the
European [50] and the Italian [37] codes. The improvement was more evident for lumped plasticity

formulations anticipating a “short” plastic hinge length than a “long” L,;; in the latter case, the

assigned region, where plastic deformation is allowed to occur, indeed extends over a significant part
of the total length of the structural member and consequently is likely to envelop the actual cracked
region;

The results of the study therefore suggest that, but for very low-rise frames like, e.g., the 2-story frame
examined in the study, a better agreement with the results of distributed plasticity analyses, especially
in terms of maximum inter-story drift ratio and maximum base moment, can be achieved by adopting
different values of I, for either beams or columns, as well as for columns subjected to different levels
of axial load, in line with the provisions of other norms [31] [32].

It should be noted that these conclusions might only apply to buildings exhibiting a strong-
column/weak-beam behavior in line with the capacity design. The results were obtained examining
four frames, from two to twelve stories in height, characterized by a regular distribution in plan and
elevation, and considering only a set of seven ground motions. Though the number of ground
acceleration histories is in accordance with the prescriptions of the Italian Building Code [37], bias-
related issues due to the low number of ground motions may be a concern. In a future development
the investigation will be extended to buildings with irregular plant and will consider a larger number
of ground motions, representing different site characteristics and comprising both near-fault and far-
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field events, in order to confirm the validity of the present conclusions over a large variety of practical
conditions. Nevertheless, despite these current limitations, the Authors believe that the study has
some merit in providing, for the first time, a comprehensive comparison between the effects of the
modelling decisions in the formulation of concentrated plasticity models for non-linear dynamic

analyses of ductile RC frames.
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Symbols

a, zero-one coefficient related to the cracking phenomena due to shear or flexure

Ay gross area of concrete section

A, area of tension reinforcement

Ag; area of transverse reinforcement

b strain-hardening ratio

B section width of the structural element

By, section width of the pillars

CR; curvature degradation parameter

CR, curvature degradation parameter

d section depth of tension reinforcement

d' section depth of compression reinforcement
d;, diameter of longitudinal reinforcement

dg; diameter of transverse reinforcement

E. modulus of elasticity of concrete

E; modulus of elasticity of steel

f. compressive strength of concrete

fec compressive strength of confined concrete

feover cOmpressive strength of the concrete cover
fet tensile strength of the concrete section

fi effective lateral confining stress on concrete
fy yielding stress of longitudinal reinforcement
fyw yielding stress of transverse reinforcement

f ultimate tensile strength of reinforcement

G, permanent structural loads

G, non-permanent structural loads

h overall depth of beam or column

h. section height of the confined core

Iys I effective area moment of inertia evaluated according to Eq.(10)

I, area moment of inertia of the cracked section
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loq effective area moment of inertia

I

4 gross area moment of inertia

Ip effective area moment of inertia evaluated according to Eq.(9)k; = 0.7 for mild steel, 0.9 for cold

worked steel [8]
k, = 1+ 0.5P/P, used in [8]
) (f. = 11.7) (£, in MPa)

0.3
23.5

ks = 09—
Ly, plastic hinge length

l; length of shear spread

M, bending moment acting on the section

M., bending moment at the first cracking

M4, maximum base moment (in the most stressed column at the ground floor)

My, nominal flexural moment

M

y yield flexural moment

M,, magnitude
N axial load under gravity actions alone

P applied axial force [18][20] [21]

[8]

Py, = 0.85 fC(Ag — AS) + f,As nominal axial load capacity as per ACI 318 [23] used in references

[18], [20], [21]

PF A peak floor acceleration

PF A4, maximum peak floor acceleration across the frame

PGA peak ground acceleration

q tension reinforcement index (= :—d . ;—y) [9]
[

Q live loads

As

q' compressive reinforcement index (= >

qp balanced tension reinforcement index (=

R,, epicentral distance
R, initial value of the curvature parameter
s spacing of the transverse reinforcement

SF scale factor

Iy
fe

A Ty
bd f

) [9]

) 9]
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t duration of the earthquake

T, period of the first vibration mode of the frames

T, period of the second vibration mode of the frames

Vinax maximum base shear (in the most stressed columns at the ground floor)

z distance from critical section of maximum curvature and the element point of contraflexure

a coefficient depending on the type of structural element (0.108 for columns, 0.133 for beams, 0.152

for rectangular walls) [16]

a. confinement effectiveness factor

Yer = 1.5 for primary seismic elements, = 1 for secondary seismic elements

A inter-story drift ratio

A ax Maximum inter-story drift ratio across the frame

6 ultimate top displacement of an RC cantilever column

. floating point value defining concrete strain at maximum strength

¢ strain at which f,. is attained in accordance with the model of Eurocode 2 [46]
&.c strain at which f. is attained in accordance with the model of Eurocode 8 [24]
&cy floating point value defining concrete strain at crushing strength

&sm Steel strain at maximum tensile stress

&g, ultimate elongation of steel

&; tensile strain of the concrete section

€y yield strain of the longitudinal reinforcement

{ level arm equal to d — d’ in rectangular sections

8, chord rotation at yielding

0 yielding rotation due to slippage of longitudinal bars from the anchorage zone

y,slip

By s1ip ultimate rotation due to slippage of longitudinal bars from the anchorage zone

V= axial load ratio [16]

gfc
¢y yield curvature

¢, ultimate curvature at failure

p. ratio of longitudinal reinforcement in compression
pgq ratio of diagonal reinforcement (if present)

p; total longitudinal reinforcement ratio

48



A W N

ps volumetric ratio of confining steel

Psy Tatio of transverse steel parallel to the direction x of loading
p¢ ratio of longitudinal reinforcement in tension

w mechanical ratio of the tension longitudinal reinforcement

w' mechanical ratio of the compression longitudinal reinforcement
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