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Abstract: Researchers must decide on how they will model the non-linear material response in a Finite
Element simulation to assess seismic vulnerability. This paper aims at giving an insight into these modelling
decisions by comparing Fiber and Lumped Plasticity Finite Element Models in static and dynamic non-linear
analysis in a RC frame. The methodology is based on the performance-based earthquake engineering to
determine the expected damage on structures. The results indicate that both models are in good agreement
with the static analysis, and when considering Extensive and Complete Damage Limit States on the dynamic
analysis. The choice between them depends on the main goals of the research and resources available, since
they have a significant difference in processing time.

Keywords: lumped plasticity model, fiber model, fragility functions.

Resumo: Pesquisadores devem decidir sobre como modelar a resposta ndo linear do material em uma
simulagdo com Elementos Finitos para avaliar a vulnerabilidade sismica. Esse trabalho pretende auxiliar nessa
tomada de decis@o ao comparar os modelos de Fibra e de Plasticidade Concentrada em Elementos Finitos em
andlises ndo lineares estaticas e dindmicas de um portico em concreto armado. A metodologia ¢ baseada na
engenharia de desempenho sismico (PBEE) para determinar o dano nas estruturas. Os resultados indicam que
os dois modelos apresentam uma boa correspondéncia em uma andlise estatica, e ao considerar os Estados
Limite de Dano Extensivo e Completo na analise dindmica. A escolha entre os dois depende dos objetivos
principais do pesquisador e dos recursos disponiveis, ja que eles apresentam uma significativa diferenca no
tempo de processamento.
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1 INTRODUCTION

Earthquakes represent a concern for several countries, since they have the potential to cause a great number of
casualties and damages in structures. Brazil is a mid-plate country located in the South America tectonic plate, which is
considered a stable region when compared to places near the boundaries of tectonic plates. For the sake of comparison, a
seismic event of magnitude 5 occurs in Brazil once in five years on average, while in the Andean region an earthquake of
this magnitude happens on average twice a week [1]. Even though Brazil is located inside a tectonic plate, it presents a
considerable history of small to moderate earthquakes, also including two events with moment magnitude (M) higher
than 6. Nievas et al. [2] presents a database of events in several parts of the world with M ranging from 4.0 to 5.5 in which
damage or casualties have been reported on them. In Brazil, studies report damages occurred in the Jodo Camara
earthquake sequence, in Rio Grande do Norte state and Itacarambi earthquake, in the state of Minas Gerais [3], [4]. Such
damages are explained in places with small to moderate hazards due to the definition of risk, which considers not only
hazard, but also exposure, vulnerability and consequences. One should note, therefore, that a low hazard does not imply
low seismic risk in a region [5], especially if buildings are not properly designed to withstand seismic loads.

In order to evaluate the risk of building damage and collapse, the concept of Performance-based earthquake
engineering (PBEE) has been developed over the years [6]. According to Krawinkler [7], it corresponds to the design,
evaluation and construction of structures whose performance under extreme loads responds to the needs and objectives
of owners, users and the society. As a preliminary step, design professionals, owners and/or other stakeholders shall
identify the desired building performance, and, as the design decisions are made, evaluate whether the final building
can achieve the indicated performance. In order to assess its performance capability, it is necessary to conduct structural
analyses to predict the building’s response considering the earthquake hazard [8]. To evaluate damages and describe
how structural and non-structural elements behave with seismic actions, one must relate the engineering parameters
chosen to monitor the structure and the damage extent [9]. For that, fragility functions can be used, since they represent
the conditional probability of exceedance of a limit state for several levels of ground shaking represented by an intensity
measure (IM) or an engineering demand parameter (EDP) [10]. This paper uses the first definition of fragility function.

The assessment of performance capability is the core of PBEE, and it requires consideration of all important aspects of
the design, such as sufficiently realistic modeling of strength, stiffness and mass irregularities, and component behavior under
cyclic loads [7]. The model shall simulate the increase of structural damage and collapse when subjected to severe ground
shaking. So the non-linear analysis model used must be able to identify the key deterioration and collapse modes [11]. Also,
models must be accurate for relatively low-level and frequent ground-motions, as well as for high-level events [12].

From the several existing methods to simulate cyclic response on reinforced concrete buildings through a non-linear
analysis, there are two main categories to represent the non-linear material response on a Finite Element simulation:
distributed plasticity, which can be represented by fiber models, and concentrated (or lumped) plasticity models [13]. Fiber
models can capture cracking behavior and the spread of plasticity throughout the element, and discretize the element cross-
section, considering confined and unconfined concrete and different configurations for longitudinal reinforcement steel.
However, it has an inherent limitation on its formulation that makes the simulation of the strain softening associated with
rebar buckling difficult [11]. Lumped plasticity models are frequently used in structural analysis [14]-[16], since it is easier
to implement [17]. When calibrated properly, it can capture degradation of strength and stiffness that is essential to collapse
modeling. Also, it is easy to modify their properties in a sensitivity analysis to evaluate the uncertainties in material modeling.
Since both have advantages, the choice of the numerical model should consider the available options and be carefully
evaluated for a given structural system, since no single model is universally applicable [11].

In this regard, this paper presents a case study to compare Fiber and Lumped Plasticity Models using non-linear static
and dynamic analyses, the latter being used to generate fragility functions. The differences in obtained results using both
models are compared, and these differences can be used for decision-making in further works on seismic risk.

2 NUMERICAL MODELLING

Considering the several existing methods to simulate cyclic response on reinforced concrete buildings on a non-
linear analysis, the aim of this paper is to compare the Fiber Model and the Lumped Plasticity Model. The Fiber Model
consists of fiber beam-column elements, which considers plasticity distributed all along the element, and the Lumped
Plasticity Model, with plastic-hinges, lumps the bond-slip and beam-column yielding on concentrated hinges [12]. The
accurate modeling of inelastic behavior of beams and columns elements is essential for the collapse modeling of RC
frame structures.

Salehi et al. [18] emphasize that all damage mechanisms (concrete and steel damage, bar buckling and bar slipping) on
the concentrated plasticity elements are aggregated in the constitutive laws of the zero-length springs. So, they cannot predict
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spread of damage over the member length, because the inelastic response is allowed in prescribed locations. However,
distributed-plasticity models require only the constitutive laws of the materials, but they demand a considerable computational
cost when considering force-based elements or considering a structure-level iterations, since the degrees of freedom increase.
The considerations for both models are described in detail in the following sections. Information about material properties
and damping in the analysis sections. Both models consider fixed bases, with no soil structure interaction. Also, neither one
considers inelastic joint responses and column shear failures, with its columns being flexure critical.

2.1 Fiber Model

The Finite Element Model developed for the Fiber Model uses OpenSees [19] software and its library to create
beams and columns elements. Figure 1 represents the model in a 2D frame.

Beams and columns are modeled using displacement-based beam-column elements with distributed plasticity and
cross-sections divided into several fibers that separates confined and unconfined concrete and the longitudinal
reinforcement steel. Beams are modeled with five finite elements in each bay (50 centimeters between each node), and
columns are modeled with four elements between each story (75 centimeters between each node). Each finite element
has three Gauss-Lobatto integration points. Three types of fiber sections are considered for the beams to account for
the variation of longitudinal reinforcement in the mid-spam and near its two edges. For the columns, only one fiber
section is considered, since the reinforcement ratio is the same for all stories. The cross section of beams and columns
is discretized in 2 to 39 fibers, depending on direction and whether it is the confined concrete core or the concrete cover.
The non-linear behavior of the materials is considered through all the element length.
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Figure 1. Generic representation of the Finite Element Model for the Fiber Model.
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2.1.1 Constitutive law for concrete and steel

The constitutive law for confined and unconfined reinforced concrete used herein is the one proposed by Chang and
Mander [20], which considers the increase in ductility and strength of the concrete due to the effect of the confinement
provided by transverse reinforcement. The concrete cross-section of columns and beams consider a confined core and
unconfined concrete cover. In the OpenSees library, the material is called Concrete07.

For steel, the constitutive model adopted is proposed by Guiffré-Menegetto-Pinto [21] (Steel(2 in OpenSees library)
with isotropic strain hardening with 1% of hardening rate, as suggested by Carrefio et al. [22]. Rebar fracture is not
considered on this model. The modulus of elasticity of 210 GPa, and a yield strength of 500 MPa are adopted. This
model has a soft transition between the elastic branch and steel yield. Figure 2 represents the constitutive law for
concrete (left) and steel (right).

Rev. IBRACON Estrut. Mater., vol. 17, no. 1, e17105, 2024 3/19



1. D. Rodrigues, G. H. F. Cavalcante, E. M. V. Pereira, L. C. M. Vieira, A. Liel, and G. H. Siqueira

O, o
A confined A
Kconcrete /plastic zone
O oy
(18
unconfined
concrete L
Ec L elastic
zone
eC - .
Eco [ &y e

Figure 2. Constitutive laws for concrete (left) and steel (right).

2.2 Lumped Plasticity Model

The Finite Element Model developed for the lumped plasticity models uses OpenSees software and its own library
to create beams and columns elements. Figure 3 represents the model in a 2D frame.
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Figure 3. Representation of the Finite Element Model for the Lumped Plasticity Model.

For this, a non-linear spring model is used, developed by Ibarra et al. [23] and described with details in section
2.2.1. The material, named uniaxialMaterial IMKPeakOriented in OpenSees library, is applied to a zero-length
element represented by the springs on Figure 3. Joints are represented by an elastic element with the length of the
joint and infinite stiffness. The rest of the element is modelled also with elasticBeamColumn element with its area
and Young’s Modulus of the material. To account for the degradation of strength and stiffness associated with
large deformations, suitable geometric transformations, and a leaning (P-A) column are used in the analysis. The
effects of foundation flexibility have not been considered at this part of the model development.

2.2.1 Plastic Hinge Model

Lumped plasticity model is widely used to evaluate seismic vulnerability and has already been implemented on
FEMA recommendations [11]. The lumped plasticity elements can capture the strain softening associated with rebar
buckling and spalling phenomena, which are essential for simulating structural collapse in RC buildings [6]. For
special reinforced concrete moment frames structures, the material used on OpenSees for the plastic hinge has been
developed by Ibarra et al. [23], and the application of the material on reinforced concrete frames has been done by
Haselton et al. [6]. It is chosen herein because it can capture the important modes of deterioration that precipitate
sidesway collapse of RC frames [11].
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The model is used to simulate the non-linear hysteretic response of reinforced concrete (RC) beams or columns
under large deformations and is also developed to enable simulation of the non-linear dynamic response of RC frame
buildings under earthquake ground motions. It consists of a monotonic backbone curve and hysteretic degradation rules
to capture post-peak in-cycle softening which are associated with concrete crushing and reinforcing bar buckling at
large cyclic deformations [6]. Figure 4 represents the monotonic curve by an idealized trilinear end moment (M) versus
chord rotation (0) response of an equivalent cantilever column.

The curve is defined considering five parameters: yield moment capacity M,,; initial elastic secant stiffness to yield
point K,; maximum moment capacity M.; plastic chord rotation from yield to cap point 8.4, ,,;; post-capping plastic
rotation capacity 8y,. The flexural yield strength M,, generally is computed using a strain compatibility approach. It is
assumed that sections remain plane and also an equivalent rectangular compressive stress distribution under ultimate
loads with a concrete crushing strain of 0.003 [6]. The equations for the model’s parameters are presented in the
following sections. Interested readers are referred to Haselton et al. [24] and Haselton et al. [6] for more detailed
information.

M 4 |‘ ecap,pl J‘ ch d
Mec
Ksh
My |
Kef | |
\
T | Ks
| | ’
Oy Ocap, tot 0

Figure 4. Idealized trilinear end moment versus chord rotation.

2.2.2 Effective Initial Stiffness (E1,/El; and El/EI )

Two values of effective stiffness are defined: the secant stiffness to the yield point of the component (El,),
represented by Equation 1; and the secant stiffness to 40% of the yield force of the component (El,f), represented by
Equation 2. The values are expressed as a ratio of the gross cross-section stiffness (E;), and includes all modes of
deformation: flexure, shear and bond-slip.

0.80 0.72
Ely _ P Ls
22 = 0.30 (0.1 + —) (%) (1)

Ig Agfe h

Where 0.2 < EL,/EI; < 0.6.

0.80 0.43
Esr = 0.77 (0.1 + L) (L—) @)

Elg Agft h

Where 0.35 < Elg¢/El; < 0.8.
P corresponds to the axial load; A, is the gross concrete area; f;' is the compressive strength of unconfined concrete;

Ly is the shear span, corresponding to the distance between column end and point of inflection; h is the cross-section
height. El is expected to be approximately 1.7 times stiffer than the secant stiffness to yield E1, in a typical column.

The choice between which stiffness is adequate depends on the deformation levels expected in the analysis. Elg ¢ is
generally used for analysis at low deformation demands below yield, and the yield stiffness E1, is intended for higher
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demands, where displacements are beyond yield and into the inelastic range. However, studies have shown that the
value used for initial stiffness does not influence the response in a highly non-linear range and up to collapse [6].

2.2.3 Plastic rotation capacity (6.qp 1)

Equation 3 is proposed to determine the rotation capacity (measured in radians) between yield and the peak moment
resistance.

Ocappr = 0.12(1 + 0.55a5)(0.16)"(0.02 + 40p,;,)*43 x (0.54)%01cunit/é (0.66)015n (2.27)100 3)

Where: ag; is an indicator variable (0 or 1) to signify possibility of longitudinal reinforcing bar slip beyond the column
end; ag = 1 if slip is possible (defined by [25], [26]); v is the axial load ratio, given by v = P/Ayf¢; f¢ is the
compressive strength of unconfined concrete, based on standard cylinder test; pg, is the transversal reinforcement ratio;
p is the longitudinal reinforcement ratio; c,;; is an unit conversion variable that equals 1 when f/' and f,, are in MPa

and 6.9 for ksi; s, is the reinforcing bar slenderness ratio, given by di (s corresponds to the spacing of transverse
b

reinforcement measured along height of column and d,, is the longitudinal bar diameter). Since the experimental data
used in the study are limited to columns with symmetrical arrangements of reinforcement, Equation 3 is only applied
to columns following this configuration.

2.2.4 Post-capping rotation capacity (0,,)

Equation 4 defines the post-capping rotation capacity.
8,c = (0.76)(0.031)¥(0.02 + 40p;,) 92 < 0.10 )

The parameters that influence deformation capacity are axial load ratio, transverse steel ratio, reinforcing bar
buckling coefficient, stirrup spacing, concrete strength and longitudinal steel ratio. On the calibration process there are
only 15 tests suitable for 8, because only in them the post-capping slope was clear [6].

2.2.5 Post-yield hardening stiffness

The prediction of hardening stiffness has the axial load ratio and concrete strength as statistically significant
parameters. Despite that, the inclusion of both did not improve the regression analysis, and it is recommended a constant
value that is represented in Equation (5) [6], [11], [24].

M
=113 )

2.2.6 Cyclic energy dissipation capacity

Cyclic energy dissipation capacity can be quantified using two different expressions: E; = yM,,0, and E, = A'M,,0.4 1
that are defined by the parameters y and A'. The equations for each one of them are represented in (6) and (7), respectively.

y = (170.7)(0.27)7(0.10)%/¢ B
A =(30)(0.3) "

Where: d is the depth of column cross-section. The use of A’ is more interesting because the energy dissipation capacity
E, is more highly correlated with the associated plastic rotation capacity. Despite that, OpenSees uses the value of y
for the material developed by Ibarra et al. [23], although it is referred as A in the software library.
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3 METHODOLOGY

Figure 5 summarizes the methodology used herein to compare both Finite Element Models on a static Pushover
analysis and on a dynamic analysis. Further details are given below.
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Figure 5. Summary of the methodology.

3.1 Non-linear static Pushover analysis

BERF

Pushover analysis (PA) consists of a non-linear static procedure carried out under constant gravitational loads and
horizontal loads increasing monotonically. Its main goals are to verify the structural performance of buildings, by means of
capacity curves (i.e., the building’s base shear as a function of the building’s roof displacement) and to estimate the expected
plastic mechanism and the distribution of damage. It is an alternative, or a complement, to the common design-based
procedures or linear-elastic analyses. Figure 6 represents the procedure, with the horizontal loads applied in a 2D frame.
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Figure 6. Representation of the Pushover Analysis and the Capacity Curve.
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PA is described in several standards, each one of them accounting for different aspects of the definition of its procedures and
the vertical distributions of the lateral loads that should be applied. The choice of vertical distributions of the lateral loads can
influence the generated capacity curve (EUROCODE 8 [27] and FEMA-356 [28]). Since the aim of this work is to compare both
finite element models and, therefore, comparison between load patterns is considered as out of the scope, we apply a load pattern
proportional to the mass in each story. Once the load pattern is defined, the capacity curve is generated by relating the
displacement of the top of the building with the total base shear observed during the analysis.

The structural capacity (C) is defined as the maximum response that a structure can withstand without reaching a
limit state [29]. This article considers the qualitative and quantitative definitions of the Damage Limit States proposed
in Hazus manual [30] for reinforced concrete moment resisting frames (C1), since it is a definition widely adopted in
the literature, facilitating further comparison with other works. The qualitative definitions of the damage states, in terms
of building performance, are presented in Table 1.

Table 1. Qualitative description of the Damage Limit States from Hazus [30].

Limit State Qualitative Description
Flexural or shear type hairline cracks in some beams and columns near joints or
within joints.
Most beams and columns exhibit hairline cracks. In ductile frames some of the frame
Moderate Structural Damage (MSD) elements have reached yield capacity indicated by larger flexural cracks and some
concrete spalling. Nonductile frames may exhibit larger shear cracks and spalling.
Some of the frame elements have reached their ultimate capacity indicated in ductile frames
by large flexural cracks, spalled concrete and buckled main reinforcement; nonductile frame
elements may have suffered shear failures or bond failures at reinforcement splices, or broken
ties or buckled main reinforcement in columns which may result in partial collapse.
Structure is collapsed or in imminent danger of collapse due to brittle failure of
Complete Structural Damage (CSD) nonductile frame elements or loss of frame stability. Approximately 13% of the total
area of C1 buildings with Complete damage is expected to be collapsed.

Slight Structural Damage (SSD)

Extensive Structural Damage (ESD)

3.2 Dynamic Analysis and Development of Analytical Fragility Functions

Fragility functions describe, in a probabilistic way, the probability of an undesirable event, as a function of some
measure of environmental excitation [31]. Specifically considering earthquake events, they evaluate the probability that
the seismic demand (D) on a structural system exceeds its structural capacity (C), depending on an intensity measure. A
common assumption is made that demand, capacity and the fragility functions follow a lognormal distribution [31], [32],
and a closed-form solution for the fragility can be used [33], as shown in Equation 8.

() o

P[D = C|IM] = &
BB +BE

Where @ corresponds to the standard normal cumulative distribution function (CDF), S, and 8, are the median and
dispersion of the seismic demand and S; and 8. are the capacity median and logarithmic dispersion.

In this paper, the parameters of the demand are obtained combining the Incremental Dynamic Analysis procedure [34]
and the Probabilistic Seismic Demand Model approach [35], as developed by Dhir et al. [36]. The structural model is
subjected to a set of ground motion records scaled to different levels of IM; then the maximum structural demand is related
to the intensity measure IM by means of a linear regression of both measures in the logarithmic space. Based on
Cornell et al. [32], the relation between the median seismic demand (Sp) and the intensity measure is assumed to follow
the power law represented in Equation 9, and it can be rewritten in the logarithmic space, as shown in Equation 10 [32].
The coefficients a and b are obtained straight from the linear regression, and the logarithmic dispersion 5, in calculated
using Equation 11, where N is the number of simulations and d; is the maximum demand on the RC frame.

Sp = a(IM)? )
In(Sp) =lna +bln (M) (10)
Bo =-JZU"(¢)_Z52X“MZD)2 (11
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In this paper, the intensity measure used is the Spectral Acceleration fixed at the period of 1 second (S, (T = 1)). It
is chosen because most of the studies on seismic hazard consider this period, as for example, in the recent study for
seismic hazard in South America by Petersen et al. [37]. Also, it is easier to compare two proposed structural models,
because their fundamental periods of vibration are different. The damage measure, used herein as the output of the
corresponding non-linear dynamic analysis, is the inter-story drift ratio observed during the analysis among all stories.
This choice is justified since this parameter is well related to structural damage and has also been adopted by several
researchers and design standards [28], [38]-[40]. Values of drift higher than 10% were discarded from the PSDM
evaluation, since it is the criteria adopted herein for defining global collapse and account for global dynamic
instability [41], [42]. For each earthquake record, 100 simulations for the demand are conducted, since the signal is
scaled in maximum acceleration values of 0.05g until 5g is reached.

Quantitative values for each Limit State, based on Table 1 and considering a low-rise structure (1 to 3 pavements) and
a pre-code classification, which means that structures do not take seismic actions in consideration, are adopted considering
values of median interstory drift capacity (Sc) of: 0.40% for SSD; 0.64% for MSD; 1.60% for ESD; 4.00% for CSD. Based
on suggestions from Wen et al. [29], the same value for the capacity logarithmic dispersion of S = 0.3 is adopted for all
Limit States. The consideration of the same value for 5. for all Limit States is a simplification, since higher Limit States
have a greater uncertainty due to the complexity of structural behavior near the failure [43]. After the calculation of demand
and capacity parameters, the fragility functions for each Limit State are calculated based on Equation 8.

3.3 Ground Motion Suite

To perform the Incremental Dynamic Analysis, a suite of ground motions is necessary, and they must reflect the
reality of the events that might happen in the region of study. This is an important step in the PBEE methodology, and
the recommendation is to use one of the following options: select and scale accelerograms from real events; generate
an artificial suite, consistent with the earthquake hazard scenario of the region [44]. Nevertheless, recent studies show
that still there is no consensus in the engineering community regarding which ground motions must be used to perform
the time history analyses [45]. The appropriate choice depends on both the region of interest and the goals of the study.

Since the main goal of this study is to compare the two different Finite Element Models used in fragility analysis,
ground motions from different parts of the world are adopted. Natural earthquake records are obtained from the Pacific
Earthquake Engineering Research Center NGA-West2 database [46]. The parameters of distance to the fault and
moment magnitude are used to limit the search and collect hazard consistent signals. Fault distance is limited to a
minimum of 15 km and maximum of 100 km in order to avoid near-fault ground motions and to minimize regional
attenuation effects, respectively [47], [48]. Moment magnitude is limited to a minimum of 4.0 and maximum of 6.5,
since it is very unlikely that smaller events could cause severe damage [2] and the maximum is recommended to be
about one order larger than the largest event in the region, as suggested by Budnitz et al. [49].

Figure 7 illustrates the 5%-damped spectrum and the geometric mean of the set used, represented by 10 earthquake
signals. The curve in red indicates the mean spectrum for the considered group of signals, as defined in the sequel.
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Figure 7. Mean spectral acceleration for the chosen signals.
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4 RESULTS AND COMPARISON

4.1 Model Calibration

Experimental results available on the Pacific Earthquake Engineering Research Center (PEER) are used to check
whether the numerical model developed is giving satisfactory results. Herein, the calibration process is described
considering the results from experiment number 5 from Tanaka [50] for both Fiber and Lumped Plasticity models.

The experiment consists of a cyclic load applied in a column with 1.65 meters height and a rectangular cross-section
which both width and depth have 55 centimeters. Column design considered 4 centimeters concrete cover,
12 longitudinal reinforcement bars of 20 millimeters diameter disposed in a symmetric way corresponding to a
longitudinal reinforcement ratio of 1.25%. Transverse reinforcement is composed of two stirrups of 12 millimeters
diameter with 11 centimeters spacing, representing a transverse reinforcement ratio of 1.7% and 4 shear legs. The yield
stress of longitudinal and transverse reinforcement are 511MPa and 325MPa, respectively, and the ultimate stress are
675MPa for longitudinal and 429MPa for transverse bars. A representation of the column and the cross-section design
detail is represented in Figure 8.

5‘DQ 550

550

1650

550

Figure 8. Representation of the column and its cross-section (in millimeters).

The numerical models for the Fiber Model and Lumped Plasticity Model are developed using OpenSees, based on
the features of each model described in previous sections of this paper. Figure 9 shows the comparison between both
models with the experimental results.
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Figure 9. Displacement history applied at column top.
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4.2 Static Analysis

This section shows a comparison between a Pushover analysis on the Fiber Model and the Lumped Plasticity Model.
The methodology is applied on an example of a residential archetype building with a moment resisting frame structural
system, designed using TQS software [51] according to ABNT NBR 6118 [52] with no seismic provisions. A two-bay
model is considered as the minimum number of bays necessary to capture the behavior of interior and exterior columns
and joints of structures, justifying the structural geometry chosen [53]. The structural elements have the same
reinforcement in all floors. The 2D model considers a space frame system of the building, and Figure 10 illustrates the
geometry of the building and the cross-sections of beams and columns.
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Figure 10. Representation of the 2D model simulated (units in meters).

The design considers a compressive strength of concrete of 23 MPa with Young’s Modulus of E = 22540MPa,
steel CA- 50 with Young’s Modulus of E = 210000MPa, and the concrete cover is 2.50 centimeters. For the Fiber
Model, internal nodes are placed on columns and beams with a 50 centimeters distance. Expected gravity loads are
applied in the structure as uniformly distributed loads on the beams and they are used to define seismic masses on the
model. These loads include 1.05 the dead load and 0.5kN/m? for live load, as adopted by Liel [53], which consists of
25% of the 2.0kN/m? maximum live load for residential buildings established in ABNT NBR 6120 [54]. P-Delta effects
are considered in the columns.

Fundamental periods for both models are determined using OpenSees software. For the Lumped Plasticity Model,
the fundamental horizontal period is 0.77 seconds, whereas the Fiber Model has a fundamental period of 0.34 seconds.
Fundamental periods of the Lumped Plasticity Model tend to be larger than the Fiber Model. A reason for this leans on
the fact that the model period of the LPM represents a secant stiffness (E s in this analysis) rather than initial stiffness,
and accounts for both flexural and bond-slip deformations in reinforced concrete elements [53]. The results of the Static
Pushover analysis and the Capacity Curve for both models are represented on Figure 11.

The results show that both models reach approximately the same maximum base shear force value (280.9kN for the
Lumped Plasticity Model and 272.4kN for the Fiber Model). Both models reach a plastic displacement between 5 and
10 centimeters. The ultimate displacement cannot be compared, since the constitutive law of steel does not have a
descending branch, being necessary to define arbitrarily the rupture. This paper only considers softening for concrete,
and common issues reported in the literature about the strain singularities during material softening [18] are not an
object of study herein. The curve of the Lumped Plasticity Model agrees with the idealized monotonic curve for the
model, represented in Figure 4. The differences in the stiffness of both models are expected, due to the use of a secant
stiffness adopted in the lumped plasticity, whereas the fiber model’s stiffness depends on the material's constitutive
law, an issue also evidenced by the different periods of vibration obtained with the two models.

Slight and Moderate Limit State is reached at similar displacement for both models, with values of displacement of 2.5
centimeters for the Lumped Plasticity Model and 2 centimeters for the Fiber Model for Slight Limit State and 4 centimeters
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for the Lumped Plasticity Model and 3 centimeters for the Fiber Model for the Moderate Limit State. For the other Limit
States, the displacements have a higher difference, being 7 and 14,5 centimeters on the Fiber Model against 9 and 20
centimeters on the Lumped Plasticity Model for Extensive and Complete Limit States, respectively. Since the quantitative
definitions of the Damage Limit States proposed in Hazus manual [30] considers the median interstory drift capacity (S,.)
from the first floor of the building, the difference of the displacements observed in the Capacity Curve comes from the
relative displacement between second - first floor and third - second floor. This means that, considering the Complete
Limit State, the interstory drift capacity from the first floor of the building of 4% is reached on the Fiber Model when the
top displacement of the building is 14,5 centimeters, whereas this value is reached on the Lumped Plasticity Model when
the top displacement of the building is 20 centimeters. It indicates that the relative displacement between third and first
floor is higher for the Lumped Plasticity Model when compared to the Fiber Model. Table 2 shows the shear forces on
each limit state boundary for the two models, and the variation of the values.
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Figure 11. Comparison of Pushover results and Capacity Curve for Fiber and Lumped Plasticity Models.

The smallest variations found between the two models are the ones corresponding to Extensive and Complete
Limit States. This behavior is expected, since the Lumped Plasticity Model has essential tools to capture the
structural collapse in RC buildings. The exceedance of the Extensive state on the Lumped Plasticity Model occurs
on the upward branch of the curve, which represents a more yield behavior on the Lumped Plasticity Model than in
the Fiber Model.

Table 2. Shear Force values and variation for each Limit State.

Limit States / Shear Force Value (kN) Lumped Plasticity Model Fiber Model Relative difference (%)
Slight 81.18 135.35 66.73
Moderate 129.89 167.73 29.13
Extensive 242.24 245.73 1.44
Complete 268.22 244.19 9.84

In order to evaluate how the structure behaves during the steps of the static analysis, the element deformation of the
third degree of freedom for beams and columns are assessed in the four Damage Limit States used herein. The maximum
value of deformation in each Limit State is found, and it represents the boundary between each Limit States. Colors
blue, yellow, orange and red are used to indicate maximum deformation on Slight, Moderate, Extensive and Complete
States, respectively. The increment of the curvature at the critical section of columns and beams can be seen in Figure 12
for the Lumped Plasticity Model and in Figure 13 for the Fiber Model.

From Figure 12, it can be confirmed the conclusion from the capacity curve that the difference in displacements
observed in Extensive and Complete Limit States for both models come from the relative displacement between second
and first floor and third and second floor. The Fiber Model does not present significant deformation on columns of third
floor in any of the Limit States considered, while these columns in Lumped Plasticity Model present significant
deformations since Extensive Limit State.
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The deformations determined in the LPM have lower values than those obtained in the Fiber Model, which occurs due to
the descending branch of the Moment-Curvature curve during the post-capping plastic rotation capacity. The constitutive law
applied to the longitudinal reinforcement in the Fiber Model does not have a descending branch, then concentrating the
damage at the critical cross-sections, reducing the damage distribution to other sections. Both models show that deformation
increases more quickly on columns connecting ground floor to first floor, indicating strong beam - weak column behavior on
the building. Figure 14 illustrate the Moment-Curvature curves for Lumped Plasticity Model and for the Fiber Model,
considering the cross-sections located on the base of the columns C1, C2 and C3 connected to the ground. Since the EI
relation for both moments is known, curvature on this case is obtained considering the equation: d?v/dx? = — M(x)/EI
on each step of the analysis. It is important to emphasize that ET relation is kept constant during every step.

Deformation
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Figure 12. Evaluation of the element’s deformation for each Damage Limit State for the Lumped Plasticity Model.
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Figure 13. Evaluation of the element’s deformation for each Damage Limit State for the Fiber Model.
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Figure 14. Moment-Curvature curves for Lumped Plasticity Model and Fiber Model for base columns of the first floor.

Table 3 illustrates the value of curvature for each column for all the Limit States considered, calculated for both models.

Table 3. Limit Curvature for each Limit State.

Damage Limit State Lumped Plasticity Model Fiber Model
Cl1 C2 C3 C1 C2 C3
Slight 0.019 0.024 0.023 0.009 0.013 0.011
Moderate 0.048 0.059 0.054 0.048 0.059 0.054
Extensive 0.231 0.264 0.241 0.063 0.078 0.074
Complete 0.754 0.790 0.764 0.161 0.194 0.189

Considering the differences described herein, the comparison of the static analyses indicates that both models can
capture the damage level of the critical cross-sections. Furthermore, it is noticeable the prevalence of damage on the
columns, instead of on beams. This is consistent with the damage pattern expected in reinforced concrete frames not
designed according to modern seismic provisions such as the one herein. Both models can capture the formation of a
column-sway mechanism in the building’s first story, which is also undesirable from the structural safety point of view,
since it tends to reduce the building's overall ductility. This should bring concern about the expected structural
performance of non-seismic buildings designed according to the ABNT NBR 6118 [52], and outlines the need for more
studies in this line.

4.3 Dynamic Analysis and Fragility Curves

Besides the static analysis, a comparison of the two models in dynamic analyses is performed considering the
earthquake accelerograms. These analyses consider the steps described in the methodology of this paper, including
Incremental Dynamic Analysis (IDA), probabilistic seismic design models (PSDM) and calculation of the fragility
curves. Rayleigh damping corresponding to & = 5% of critical damping is adopted using the first and third frequencies.
Figure 15 represents the results for the probabilistic seismic demand model (PSDM) for the Lumped Plasticity Model
(left) and for the Fiber Model (right).
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Figure 15. PSDM results for the Lumped Plasticity Model (left) and Fiber Model (right).
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A residual analysis (Drift from LPM models — Drift from Fiber models) in logarithmic space is realized to show
in a better way the difference between drifts from the Lumped Plasticity Model and Fiber Model, as represented on
Figure 16. Note that there is a tendency for the drift obtained using LPM to be higher after a certain range of Sa(T=1)

values, which agrees with the previous results (see Figures 11 and 14).
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Figure 16. Residual analysis with the PSDM results.

The Lumped Plasticity model has a lower dispersion value than the Fiber Model. The dispersion is an important
parameter to be compared, since it is only related to the Finite Element Model. The accelerograms used in the analyses

with both models are the same. The results of the fragility curves are represented in Figure 17.
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Figure 17. Comparison of the fragility curves for the Lumped Plasticity Model and Fiber Model.

Table 4 represents the median and logarithmic dispersion values for the represented fragility curves.

Table 4. Median and logarithmic dispersion for the Fragility Curves.

.. Lumped Plasticity Model Fiber Model
Damage Limit State Median Dispersion Median Dispersion
Slight 0.0107 0.4629 0.0214 0.3977
Moderate 0.0177 0.4629 0.0303 0.3977
Extensive 0.0473 0.4629 0.0598 0.3977
Complete 0.1265 0.4629 0.1179 0.3977
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The results indicate that the fragility curves for the Slight and Moderate Damage Limit States have a significant
difference between the two models. The Lumped Plasticity Model (LPM) leads to a probability of exceedance of 100%
with a median value of 0.0107g and 0.0177g for Slight and Moderate Limit State, respectively, whereas the Fiber Model
has medians of 0.0214g and 0.0303g for Slight and Moderate Limit States, respectively. For Slight, Moderate and
Extensive limit states, the probability of exceedance of the LPM is higher than in the Fiber Model. Considering an
acceleration S, = 0.08g and the Extensive Limit State, Fiber Model has a probability of exceedance of 76.8%, whereas
the Lumped Plasticity Model presents a probability of 87.2%.

However, for the Complete Damage, the curves behave in a different way. Considering a spectral acceleration value
of S, = 0.2g, the probability of exceedance of Complete Damage for the Fiber model corresponds to 90.8%, while the
Lumped Plasticity presents a probability of 83.88%. This shows the inverse behavior from the other Damage Limit
States, since the Fiber Model has a higher probability of exceedance of 100% before the Lumped Plasticity, being more
conservative.

This observed behavior of the fragility curves also agrees with the results from the Static Analysis on the previous
section. The Slight, Moderate and Extensive Limit States are reached by the Lumped Plasticity Model with a lower
values of applied shear base force when compared to the Fiber Model, which means that this Limit States are easier to
reach on the LPM Model. On the other hand, it is necessary a higher base shear force on the Lumped Plasticity Model
than in the Fiber Model to reach the Complete Limit State, which may explain why the Fiber Model has a higher
probability of exceedance of 100% before the LPM only on this Limit State.

5 CONCLUSIONS

This paper presents an attempt to understand the differences in the structural response of a 2D frame, modelled
considering Fiber Model, which considers distributed plasticity along the structural element, and Lumped Plasticity
Model, that considers plasticity concentrated in plastic hinges on the element.

Based on the results for the static analysis, the comparison showed that both models represent the maximum shear
force on the base of the structure in a satisfactory way. The values for the force in both curves are approximately the
same, with a relative error of 3%. There is a difference in the stiffness of the models, because the LPM uses a secant
stiffness, which also influences in the period of vibration of the models. The Pushover curve of the Fiber Model has a
limitation to represent structural collapse, which must be arbitrarily stipulated. For this reason, the ultimate
displacements cannot be compared. The curve of shear forces and displacements of the Lumped Plasticity model agrees
with the monotonic curve idealized for its representation. Also, the curvatures of the structure in both models are in
agreement with their Moment x Curvature curves.

For the dynamic analysis, the two models have a better correspondence in their answers for the Damage Limit States
Extensive and Complete Damage. The internal nodes discretization in the Fiber Model makes it able to capture in a
more specific way the behavior of the structure at the beginning of the analyses. The use of the Lumped Plasticity
Model is suitable when focusing the analysis on structural collapse, as proposed in Haselton et al. [24], where both have
a similar answer.

The results from static and dynamic analysis don’t give enough reasons to say which of the models is better than the
other. The decision on which one to use may be based on the main goals of the research, and the technological resources
available, since the analysis with the Lumped Plasticity Model is faster than the Fiber Model, demanding less
computational effort. To put in numbers, the Pushover analysis with the LPM took 15,67 seconds to be completed, whereas
the Fiber model took 30,19 seconds, both being done on the same computer. It means that in these analyses the LPM was
1,92 times faster than the Fiber Model, a significant difference depending on the number of analyses to be developed.
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