kT buildings

Article

Effect of the Openings on the Seismic Response of an Infilled
Reinforced Concrete Structure

André Furtado *(0, Hugo Rodrigues 2

check for
updates

Citation: Furtado, A.; Rodrigues, H.;
Aréde, A. Effect of the Openings on
the Seismic Response of an Infilled
Reinforced Concrete Structure.
Buildings 2022, 12, 2020. https://
doi.org/10.3390/buildings12112020

Academic Editor: Antonio Formisano

Received: 27 September 2022
Accepted: 14 November 2022
Published: 18 November 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

and Anténio Aréde 3

CERIS, Instituto Superior Técnico, Universidade de Lisboa, Av. Rovisco Pais 1, 1049-001 Lisboa, Portugal
RISCO, University of Aveiro, 3810-193 Aveiro, Portugal

CONSTRUCT-LESE, Faculdade de Engenharia, Universidade do Porto, 4200-465 Porto, Portugal

*  Correspondence: afurtado@fe.up.pt or an-dre.furtado@tecnico.ulisboa.pt

W N =

Abstract: The seismic behavior of the infill masonry infill walls has a significant impact on the
global response of reinforced concrete frame structures. One factor influencing its behavior is the
existence of openings in the walls, such as doors and windows, which are crucial for the infill seismic
performance. Although the numerical simulation of the seismic behavior of RC buildings with infill
walls has evolved significantly in recent years in terms of micro- and macro-modelling, most of the
existing studies are only related to infill walls without openings. Based on this motivation, four main
objectives were defined for this research work: (i) present a simplified modeling approach and its
calibration to simulate the seismic behavior of infill walls with central openings such as windows;
(ii) evaluate the impact of the openings on the global seismic response of an RC building; (iii) study
the impact of the irregular distribution of the infill walls (vertical and in-plane) on the global seismic
response of an RC building; and (iv) study the impact of the central openings ratio (i.e., relative
percentage between opening and infill wall area) on the global seismic response of an RC building
structure. A four-story infilled RC building was used as a case study to perform parametric analyses
investigating the impact of the masonry infill walls’ irregular distribution (vertical and in-plan) and
their openings ratio. The results are discussed in terms of natural frequencies and vibration modes,
initial lateral stiffness, and maximum lateral resistance. This study found that the openings caused a
reduction in the natural frequencies of about 20% compared with the full infill (without openings).
The openings did not modify the vibration modes. In addition, the openings reduced the initial
stiffness by about 20% compared with the model without openings. The maximum strength increased
about 50% with the infill walls, but this was reduced by the openings by 20%.

Keywords: infilled reinforced concrete buildings; masonry infill walls; seismic behavior; numerical
modeling; openings; parametric study

1. Introduction
1.1. Motivation and Literature Review

The southern European building stock has a large percentage of reinforced concrete
(RC) frame structures, with or without shear RC walls (i.e., cores of stairwells and elevators,
or others), filled with masonry infill walls made of clay bricks or lightweight concrete
blocks. Until relatively recently, it was commonly accepted by the technical and scientific
community, in the design stage, that the contribution of those panels concerning the
building’s lateral stiffness and strength could be neglected. Only self-weight (i.e., dead
loads) was considered during this process. Some of the existing seismic and structural
codes, such as the current version of Eurocode 8 [1], do not provide any specification
concerning the lateral effect of the infill walls on the global response of the building in the
case of an earthquake.

There was also the idea that this assumption would increase the structure’s safety,
particularly in the case of seismic analysis. There was an expectation that the infill panels
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can increase the load capacity of the buildings and consequently increase the global safety
factor of the structure. More recently, and supported by evidence from post-earthquake
scenarios, the codes started to suggest including the participation of the masonry infill
walls in the global structural response.

Recent earthquakes have highlighted the importance of assessing the seismic vulner-
ability of the infilled RC structures considering the walls” impact [2,3]. Their interaction
with the RC elements and their poor seismic behavior (both in-plane and out-of-plane) was
the cause of a significant portion of the casualties, structural damages, and collapses and
economic losses [4].

Multiple studies stressed that the presence of the infill walls causes the modification
of the RC buildings’ seismic response. Namely, it increases the lateral stiffness and strength
and decreases the structure’s natural period, which may cause a rise in the expected
seismic loadings [5,6]. In addition, the infill walls can contribute significantly to dissipating
energy during an earthquake by the friction mobilized between cracks while maintaining
their integrity. Moreover, the infill walls can introduce horizontal or vertical stiffness
irregularities that can potentiate the development of different failure mechanisms [7,8]. For
example, soft-story or short-column mechanisms were often observed in the earthquakes
of Nepal and Mexico [9-11].

The contribution of the infill masonry to the building’s seismic performance may
be favorable, depending on a series of phenomena, detailing aspects, and mechanical
properties, such as the relative stiffness and strength, disposition of the walls (in-height
and in-plan), workmanship, and openings [12,13].

The existence of openings such as windows and doors is an unavoidable issue in the
architecture of buildings. Otherwise, the construction itself would no longer make sense.
Intuitively, when subjected to seismic loading, it is understood that the horizontal forces
are transferred from the top to the base of the wall along its plane (i.e., in-plane). When
creating an opening, this loading transference forces a deviation in its path, causing a stress
accumulation in the region around the opening [14]. At this stage, the infill walls’ in-plane
behavior depends on their geometry.

The uncertainty associated with assessing the seismic behavior of structures is exacer-
bated when openings in masonry walls are considered, given the variability in geometry
and position they may have. In general, openings reduce the stiffness and ultimate strength
of the panel, and the capacity to dissipate energy [15,16]. In addition, openings can acceler-
ate the wall’s collapse under out-of-plane seismic loadings since the arching effect is not
mobilized as effectively as in the case of walls without openings.

Another significant aspect concerns the modification of the wall cracking pattern.
Generally, this is closely linked to the resulting failure mode, depending on the position
and size of the openings. In the first stage of a seismic event, cracks can be developed in the
corners of the opening. Only after that, do cracks develop towards the compressed corners
of the panel, which favors its rupture by shear failure. Shear failure is most observed when
there are openings [17].

Kakaletsis and Karayannis [18] concluded that infill walls, even with eccentric open-
ings, can cause an increase in the lateral strength, ductility, and ability to dissipate energy.
From the experimental tests, the authors found a strength reduction of between 18.7% and
25.2% for window-type openings with a width between 25-50% of the length of the panel.
They also found a strength reduction between 32% and 47.2% for door-type openings with
a width varying in the same range (25-50%). Later, Zhai, et al. [19] performed in-plane
tests on four full-scale infilled RC specimens with different sizes of central openings (win-
dows). They concluded that the infill walls were responsible for the cracking development
observed in the RC elements for lower displacement demands. The energy dissipation
increased by about 40% because of the walls, but the openings only caused an increase of
around 33%.
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1.2. Research Significance and Objectives

Despite the unanimous understanding concerning the effect of masonry infill walls on
the global response of RC buildings under seismic actions, several issues still need further
investigation and discussion. In particular, the numerical simulation of the openings and
their impact on the seismic behavior of the infill walls, e.g., strength reduction, strength
degradation, and stiffness reduction, is not well studied. For both design and assessment
of RC structures, there is a need for practical recommendations concerning the simplified
approaches to simulate the openings.

In addition, the impact of the infill walls” dispositions (both in-height and in-plan)
has not yet been fully investigated. Although the numerical simulation of the walls’
seismic behavior has evolved significantly over recent years in terms of micro- [20] and
macro-modeling [21], the majority of the existing studies are only related to infill walls
without openings or, in some cases, do not consider infill walls at all. Masonry infill walls
and openings (in external envelopes and internal partition walls) are often present in RC
building structures.

Based on this motivation, four main objectives were defined: (i) present and calibrate
of a simplified modeling approach to simulate the seismic behavior of infill walls with
openings; (ii) evaluate the impact of the openings on the global seismic response of an
RC building structure; (iii) study the impact of the irregular distribution of the infill walls
(vertical and in-plan) on the global seismic response of an RC building structure; and
(iv) study the impact of the opening ratio (i.e., relative percentage between opening and
infill wall area) on the global seismic response of an RC building structure.

The novelty of this research work is related to the presentation of a calibration pro-
cedure in a simplified approach to simulate masonry infill walls with central openings
(i.e., central windows). The modeling procedure and assumptions are discussed, and the
calibration is performed by simulating two full-scale in-plane tests of infilled RC frame
specimens. In addition, the impact of the irregular distribution of the openings along the
building envelope and the ratio of the openings on the global seismic response of an RC
building structure is investigated. This investigation will allow an understanding that the
openings should not be neglected in the seismic design and seismic safety assessment of
RC structures.

For this purpose, this work starts with a description of the numerical modeling strategy
adopted for simulating masonry wall panels (with and without openings). The details and
assumptions concerning the consideration of the openings are presented and discussed.
Then, this paper presents the calibration of the modeling strategy, which was performed
by simulating two full-scale in-plane experimental tests of infilled RC frame specimens.
The calibration results are discussed in terms of force-displacement curves and cumulative
energy dissipation. After that, a four-story infilled RC building is used as a case study
to perform a parametric analysis. The parametric study investigates the impact of the
masonry infill walls’ irregular distribution (vertical and in-plan) and their openings ratio.
The results are discussed in terms of natural frequencies and vibration modes, initial lateral
stiffness, and maximum lateral resistance.

2. Modeling Strategy and Calibration

This section aims to establish a strategy for numerical simulation of the seismic
behavior of infilled RC frames with central openings, which was calibrated and validated
with experimental results. The aim was to obtain an efficient model that is sufficiently
rigorous and easy to apply in practice. The most relevant aspects of the numerical modeling
are discussed, namely the materials simulation, the description of the hysteretic laws, and
the assumptions on which the adopted modeling strategy is based. Then, this strategy was
validated by simulating two in-plane full-scale tests. One of the tests was of an infilled RC
frame, and the wall was built with hollow, horizontal brick units without openings. The
second test used a similar RC frame but with a central opening (1150 x 1250 mm?). The
experimental tests were conducted by Furtado et al. [22].
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2.1. Description of the Numerical Modeling Strategy

The software used for simulating the seismic behavior of infilled RC frame structures
was SeismoStruct [23]. This software can accurately reproduce the behavior of structures
subjected to earthquake events. This software [23] allows the simulation of 2D and 3D
frame models and the geometric and material nonlinearities. The software library contains
several types of elements and material models that can be used to simulate infilled RC
building structures.

For the present study;, it was defined that the RC elements (i.e., beams and columns)
were simulated through nonlinear force-based plastic beam—column element models. The
advantages of this formulation are (i) the reduced computational time (since fiber inte-
gration is carried out for the two-member end sections only) and (ii) a complete con-
trol/calibration of the plastic hinge length (or spread of inelasticity), which allows local
failures to be overcome [24]. Many models are available to capture the nonlinear material
behavior of beam—column members, ranging from concentrated plasticity formulations to
distributed plasticity formulations based on finite element methods. The former approach
assumes that nonlinear behavior is concentrated, or lumped, at predetermined sections.
The nonlinear behavior is assumed to be located at the center of the plastic hinge zone,
which is generally located at each end of RC elements. The formulation adopted can be in
terms of displacements or forces. The formulation based on forces presents better results in
simulating the seismic behavior of RC elements.

For this study;, it a force-based formulation with dumped plasticity was assumed.
The plastic hinge length was assumed to be equal to the largest dimension of the RC
cross-section, in agreement with the literature recommendations [25]. Moreover, each cross-
section was discretized with 200 fibers to better represent the RC elements’ seismic response.

The Madas [26] proposal was adopted to simulate the uniaxial material models for sim-
ulating the concrete. This model follows the constitutive law proposed by Mander et al. [26].
The Menegotto-Pinto uniaxial material model [27] was adopted to capture the response of
the reinforcing steel material in these analyses.

The modeling strategy adopted to simulate the infill masonry walls consists of using
the double-strut macro-equivalent model proposed by Crisafulli [28]. This model was later
calibrated by Smyrou et al. [29] for walls without openings. Six diagonal strut elements
comprise the model, i.e., two parallel struts to carry axial loads across two opposite diagonal
corners (Figure 1a), and a third strut to take the shear load from the top to the bottom of
the panel (Figure 1b). The uniaxial material model adopted for the struts under axial load
is presented in Figure 1a. A bilinear curve was adopted for the strut subjected to shear
loadings (Figure 1b).

2.2. Calibration of the Modeling Strategy
2.2.1. Methodology

The calibration and validation of the modeling strategy were performed by simulating
two lab tests performed by Furtado et al. [22]. The authors performed two in-plane tests of
2D, full-scale, infilled RC frames, one without openings (specimen Inf_12) and the other
with a central opening (specimen Inf_14).

The geometric frame dimensions were defined as 4800 x 3300 m? (length and width,
respectively), representing those existing in the Portuguese building stock [30], and are
shown in Figure 2. The specimen Inf 12 is a wall without openings, no strengthening,
no reinforcement, and with no gaps in the wall-frame interface. The specimen Inf 14
was built with the same geometry and the remaining details. The only difference was the
introduction of a central opening, of 1150 x 1250 mm?. The opening construction process
was carried out according to typical construction practices. Moreover, an RC lintel on the
top of the window was built, as shown in Figure 2. The cross-section of the RC lintel is
100 x 150 mm?. The longitudinal reinforcement used in the RC lintel comprises 366 mm
with a total length of 1650 mm.
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Figure 1. Modeling strategy adopted for the masonry infill walls: (a) under compression; and

(b) under shear.

0.70 5216 0.70
ties @810 ct ties @8/20 cm tijs @8/10 cm

= £
: E % 5 |o ]
o —] 1
L= 5016 0.30m =3
— 0.30m pbe !
e . 0.50m el
Il °'3°m.E 1l 2
[ | g 201001012 P mieon g —
L No wll
o o
201641812/ |— [ 2016+1@12 2016 418127 | — E
| | \2@16+1@1q ™
jr— e o~
E— E = E—
9 o
— © —
8 =l 5016 o|=| 3
=2 B )
< — fies @8/20 cm 2 o
e | .
3
11 b ) S
5016
0.45m 4.20m 0.45m
5.10m

Figure 2. RC frame geometry and reinforcement detailing.

The frame was designed for a medium-ductility class according to Eurocode 8 rec-
ommendations [1]. The columns’ cross-sections are 300 x 300 mm? with longitudinal
reinforcement of 4016 + 2012 and a transversal reinforcement of 88/ /50 mm, along with
the plastic regions, and 8/ /150 mm in the remaining column extension. Concerning the
beams, the cross-section is 300 x 500 mm? with a longitudinal reinforcement of 516 + 5@16.
The geometry and reinforcement detailing are shown in Figure 2.

Two infill panels were built with the same geometry and type of masonry unit (hollow
clay horizontal brick units 150 mm thick). This masonry unit is usually found in Southern
European countries. During the construction process, it was ensured that the panels were
built aligned with the outer side of the RC frame.

The two specimens were subjected to in-plane tests. Each test consisted of applying
a horizontal load with a hydraulic actuator (with a capacity of 500 kN and +/—150 mm



Buildings 2022, 12, 2020

6 of 20

stroke), as shown in Figure 3a. The in-plane load was applied at the top beam—column joint.
The transmission of the horizontal force to the top beam was achieved using four high-
strength rods (822 mm), tying two steel shapes at the top beam’s left and right extremities.
This system allowed us to perform in-plane loading cycle reversals.

Hydraulic
tuator

(a) (b)
Figure 3. Test setup of the in-plane experimental tests: (a) detail of the hydraulic actuator; and
(b) lateral view.

A steel reaction system was used as a reaction structure that supported the hydraulic
actuator (Figure 3b). Both the RC frame specimen and reaction frame were fixed to the
strong floor using prestressed steel bars to avoid sliding or overturning.

The loading protocol consisted of applying in-plane cyclic displacements (i.e., loading-
unloading-reloading) at the top of the frame. The chosen nominal peak displacements
of the frame top beam-column were 2.3 mm (drift equal to 0.1%), 4.6 mm (drift equal to
0.2%), and 6.9 mm (drift equal to 0.3%). These in-plane experimental tests are part of a
research project investigating the out-of-plane seismic vulnerability of masonry infill walls.
The main objective of these tests was to impose a low/medium level of damage caused by
in-plane seismic loadings and perform an out-of-plane test up to the wall collapse. With
this combined in-plane and out-of-plane test sequence, it was possible to investigate the
effect of the previous damage caused by in-plane seismic loadings on the vulnerability
of infill walls subjected to out-of-plane loading demands. Based on this motivation, the
in-plane tests were not performed until the wall’s collapse. Only two half-cycles were
repeated for each lateral deformation demand level.

2.2.2. Definition of the Modeling Parameters

The modeling of RC elements was performed using inelastic force-based plastic hinge
frame elements, assuming a plastic-hinge length equal to the largest dimension of the RC
cross-section, which was 500 mm [31,32].

The input parameters considered for defining the concrete uniaxial material model
based on the Madas [26] proposal are compressive and tensile strength of 22 and 2.2 MPa,
respectively. The concrete strain and elastic modulus were assumed as 3.5%0 and 22 GPa,
respectively. The input parameters adopted for the uniaxial steel material model, using
the Menegotto proposal [27], are: yielding stress of 526 MPa, elastic modulus 191 GPa, Ro
equal to 20, al equal to 18.5, a2 equal to 0.15, a3 equal to 0.03 and a4 equal to 2. These input
parameters were defined using the data results from the material characterization tests that
are discussed in detail in [22].

The definition of the input material properties for defining the infill walls model was
computed according to the recommendations of Crisafulli and Carr [33]. The parameters
specified for the wall without opening were not affected by any reduction factor. However,
in the case of the wall with a central opening, it is recommended to affect the value of the
strut area and hence the panel’s stiffness, in proportion to the opening area. The opening
percentage, in this case, was 15%, and it was verified that the most accurate simulation
was obtained when it assumed a percentage of reduction of 20%. It should be underlined
that the strategy suggested herein was only calibrated and validated for walls with central
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openings. The calibration and validation of reduction factors for walls with eccentric
openings are needed.

Nevertheless, openings in infill panels constitute an important uncertainty in eval-
uating the behavior of infilled frames, which increases the importance of this research
work. The input parameters used to simulate specimens Inf_12 and Inf_14 are presented in
Table 1.

Table 1. Input material properties adopted for the masonry infill walls.

Input Parameters Inf_12 . Inf_14 ' Percentcage ;)f
(Panel w/o Opening) (Panel w/ Opening) Reduction (%)

Em (Kpa) 2,500,000 2,000,000 20

fmo (Kpa) 470 376 20

f (kPa) 100 100 0

em (%) 0.00006 0.00006 0

eu (%) 0.03 0.03 0

£ (%) 0.003 0.003 0

€1 (%) 0.00038 0.00038 0

Strut e2 (%) 0.00295 0.00295 0
Elements Yun 1.50 1.50 0
Otre 0.30 0.30 0

O 0.45 0.45 0

Ba 1.75 1.75 0

Beh 0.65 0.65 0

Yplu 0.60 0.60 0

Ypir 1.25 1.25 0

ex 1.75 1.75 0

e 1.25 1.25 0

To 100 80 20

Shear M 0.70 0.7 0
Elements Tomax 200 200 0
[ 1.5 1.5 0

t (m) 0.15 0.15 0

OCQP failure drift (%) 5 5 0

Apg (m?) 0.19 0.15 20

General properties Ams (% of Apgr) 50 40 20
h; (% of vertical panel side) 0.55 0.55 0

Ks (KN/m) 15 12 20

Self-weight (N/m?) 98.5 84.4 15

Em is the elastic modulus; fm6 is the masonry compressive strength along its inclination; ft is the masonry tensile
strength; em is the maximum strain; eu is the ultimate strain; ecl is the closing strain; yun, are, ach, fa, Bch,
vYplu, vplr, ex1, ex2 are empirical parameters; p is the friction coefficient; Tmax is the maximum shear strength;
s is an empirical parameter; t is the wall thickness; Ams1 and Ams?2 are the strut area and reduced strut area,
respectively; Ks is the masonry stiffness; and hz is the vertical distance between struts.

2.2.3. Validation of the Modeling Strategy

The validation of the strategy adopted to simulate the in-plane seismic behavior of
infilled RC frames with and without openings is herein evaluated. The accuracy of the
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numerical approach adopted is discussed in terms of initial stiffness, maximum strength,
and cumulative energy dissipation.

The force-displacement curve of the wall Inf_12 (without opening) is presented in
Figure 4a. It can be observed that the numerical model captured well the initial specimen
stiffness, with a difference of only —2.7%. For small displacements (i.e., up to 5 mm),
the model captured the experimental response in both positive and negative loading
branches relatively well. However, some minor differences can be noted for the last targe
displacement concerning the maximum strength due to the wall strength degradation. A
small strength drop in the numerical response can be seen in the positive loading branch.
After that, the numerical response follows the experimental curve until reaching the same
value of the peak load observed in the experimental curve. However, the maximum load
reached by the numerical model was 255 kN, and it was reached for a top displacement of
6.9 mm, which is 11% higher than the experimental peak load (229.3 kN). In the negative
loading direction, the opposite situation can be observed, i.e., the experimental peak load
was 14% higher than the numerical response. First, it must be stated that the experimental
force-displacement curve presents a slight asymmetry since, in the positive loading branch,
the maximum strength was 229.3 kN, and in the negative loading branch was —266 kN.
The authors could not find a visible explanation for this difference since the wall cracking
pattern was similar in both loading directions. There was no visible sliding in the frame
response, but the asymmetry may be linked with experimental issues that are not able to
be captured by the numerical mode. Finally, the cumulative energy dissipation over the
test presents a good match up to 6 mm, as shown in Figure 4b. The difference between the
experimental and numerical response increases for displacements larger than 6 mm due to
the asymmetry of the experimental response.

5000
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——S=—  Numerical

4000 ‘A

3000

2000
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Cumulative energy dissipation

2 0 2 4 6 8 10 0
0 3 6 9 12

Top displacement (mm)
(a) (b)

Figure 4. Numerical simulation of the specimen Inf_12 (wall w/o opening): (a) force-displacement
curves; and (b) cumulative energy dissipation.

The simulation of the wall with openings, i.e., specimen Inf_14, approximates well
the experimental response, as shown in Figure 5a. Again, the initial stiffness was well
captured, proved by the minor difference of 2%. Once again, the results are somehow
affected by the asymmetry observed in the experimental response. In the positive loading
branch, the peak load of 134.5 kN was reached for a displacement of 8.3 mm. In the
negative loading branch, the peak load of —152.6 kN was reached, 13.5% higher than that
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observed in the other loading branch. Therefore, the peak load reached by the numerical
model was 18% and 3% higher than the experimental result in the positive and negative
loading branches, respectively. The asymmetry of the experimental response curve can
contribute to this difference, but it should underline the good global approximation of
the numerical modeling. The same observation can be made in terms of cumulative
energy dissipation, shown in Figure 5b, since the approximation is much better for low
displacement demands and is not so good for displacements larger than 6 mm caused by
the experimental asymmetry.
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Figure 5. Numerical simulation of the specimen Inf_14 (wall w/ opening): (a) force—displacement
curves; and (b) cumulative energy dissipation.

2.3. Preliminary Conclusions on Modeling Calibration

This section aims to present and validate the numerical modeling strategy to simulate
the seismic behavior of infilled RC specimens with and without openings using simplified
macro-models. Globally, a good agreement was found between the numerical prediction
and the experimental response regarding initial stiffness and maximum strength. Some
differences were noted concerning the cumulative energy dissipation due to the asymmetry
observed in the experimental force—displacement curve. Future validations with other
experimental data without asymmetry would be interesting to confirm the ability of this
numerical modeling strategy.

3. Case Study
3.1. General Description

The building selected for this research work is a four-story RC structure designed
by the Portuguese Civil Engineering Laboratory and is representative of the common RC
structures that can be found in the Portuguese building stock [30] designed according to
the Portuguese seismic code. The building has a frame-resisting system and is symmetric
in both directions. The building plan is 20 x 15 m? and has five bays, 6 m long, along the
longitudinal direction and three bays, 5 m long, in its transverse direction, as shown in
Figure 6a. The building inter-story height is 3 m, as shown in Figure 6b. The cross-section
of the columns is: 400 x 300 mm? (Stories 1 and 2) and 300 x 300 mm? (Stories 3 and 4).
The columns’ cross-section is presented in Figure 6¢. All the beams have a rectangular
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Transverse direction

section of 200 x 500 mm?, and their reinforcement detailing is shown in Figure 6d. The
slab thickness was designed to be 150 mm thick.
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Figure 6. Case study: (a) plan view; and (b) general view of the BF model; (c) columns’ cross-section;
(d) beams’ cross-section; (e) FI model; and (f) PI model.

The structure was designed without explicitly considering the infill walls” presence,
i.e., its own weight was only considered. The building’s structural design assumed a
global vertical load of 6.15kN/m? plus a variable load of 2.5 kN/m?. The concrete class is
C25/30, and the steel reinforcement grade is A400 [34]. Three 3D models were generated in
SeismoStruct [23], considering different configurations, namely: (i) “BF model” is the model
that simulates a bare frame configuration (only infills’ gravity load was considered); (ii) “FI
model” is the model that simulates the RC structure with infill walls without openings,
shown in Figure 6e; and (iii) “PI model” is the model that simulates the RC structure with
the walls with a central opening, shown in Figure 6f.

The infill walls’ properties were assumed to be the same as those studied in Section 2.
For the model PI, an opening percentage per wall of 16.2% was assumed. The input
parameters used to simulate the walls were the same as those reported in Section 2.2.2.



Buildings 2022, 12, 2020

11 of 20

Natural frequencies (Hz)

3.2. Modal Analyses

The study of the modal properties started by comparing the natural frequencies and
vibration modes of model BF with those obtained by the Portuguese Civil Engineering
Laboratory. The natural frequencies obtained are: 1st frequency of 1.45 Hz (longitudinal
mode), 2nd frequency of 1.45 Hz (transverse mode) and 3rd frequency of 1.83 Hz (torsion
mode). After performing the modal analysis of the BF model, the following frequencies
were obtained: 1st frequency of 1.54 Hz (+6%); 2nd frequency of 1.61 Hz (+6%); and 3rd
frequency of 1.87 Hz (+2%). The numerical model captured well the original frequencies
and the respective vibration modes.

After validating the numerical model, the modal analysis of the model FI and PI was
performed to assess the impact of the infill walls and the openings on the modal properties
of the buildings. The presence of the walls modified the first two vibration modes of the
building. Moreover, it can be observed that the frequencies increased 2.62 times (1st mode),
3.09 times (2nd mode), and 3.78 times (3rd mode). By comparison, the openings reduced
the frequencies slightly compared with the FI configuration. The reduction was about 18%,
20% and 21%, in the 1st, 2nd, and 3rd modes, respectively. The comparison between the BF,
FI, and PI frequencies is shown in Figure 7.
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Figure 7. Numerical results. (a) Natural frequencies. Capacity curve (pushover analysis):
(b) longitudinal direction; and (c) transverse direction.

To evaluate the effect of infill walls in each direction, it is important to calculate the
ratio between the frequencies obtained for the various models in both directions, removing
the effect of changing the order of the modes. It can be seen that the presence of the infill
walls causes an increase in the frequencies about +3.23 times in the longitudinal direction
and 2.50 times in the transverse direction. The openings do not cause any change in the
order of the modes. The frequency increment is higher in the longitudinal direction since
infill panels have a higher area in this direction.

3.3. Nonlinear Pushover Analyses

A pushover analysis was independently performed for both directions of the models.
It consisted of applying an adaptative pushover, monotonically increasing lateral load
profile, and exploring the nonlinear response of the structure. In this way, it was intended
to identify the critical zones where the concentration of large deformations and, therefore,
nonlinear behavior of the material, are expected. Thus, this analysis aimed to capture
possible stiffness and/or strength irregularities in-height and/or in-plan, anticipating
possible important changes in the dynamic response of the structure in a nonlinear regime.
Moreover, this type of analysis can predict the sequence with which the structural elements
yield and/or collapse, and the evolution of the capacity curve of the structure.

Figure 7b,c shows the capacity curves of the three models (BF, FI, and PI) obtained by
the pushover analysis. These curves are defined by the evolution of the shear force that
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1.0

develops at the base as a function of the displacement of the top of the structure. From the
capacity curves, the increase in the maximum shear force of the FI model can be observed,
which is justified by the greater load capacity that the walls confer to it. The maximum base
shear of the FI model is 48% and 20% higher than that of the BF and PI models, respectively,
in the longitudinal direction. The values are similar in the transverse direction. A similar
conclusion can be established concerning the initial with respect to the initial stiffness
(slope of the initial section of the curve), with a more significant increase in this parameter
in the longitudinal direction, which is due to having a larger wall area in this direction. In
the longitudinal direction, the FI model reached an initial stiffness that was 640% and 120%
higher than that of the BF and PI models.

With the openings’ introduction, a reduction in the maximum shear force of 17% and
22% was observed in the longitudinal and transverse directions, respectively. Regarding
the initial stiffness of each of the models, the reduction caused by the openings was slightly
more pronounced in the longitudinal direction, where there was a 54% reduction, whereas
the reduction in stiffness in the transverse direction was a little smaller, around 42%.

3.4. Nonlinear Dynamic Analyses

Nonlinear incremental dynamic analyses were performed to study, with more preci-
sion, the dynamic behavior of the models with and without walls. Six real seismic records
were used and progressively scaled to obtain the corresponding evolution of the maximum
inter-story drift ratio and the base shear, as a function of the PGA intensity level (Figure 8).
Each of these earthquakes was characterized by two independent accelerograms (one in
each direction, longitudinal and transverse), which were simultaneously scaled in both
directions. The PGA value was obtained by a quadratic combination of the maximum
acceleration of each of these accelerograms. The scaling of each earthquake was intended
to capture all phases of the structure response, from the elastic domain through yielding to
the structure’s global nonlinear behavior, which, from the software point of view, begins to
manifest itself with difficulties in numerical convergence of the analyses.
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Figure 8. Elastic spectrum (type 1).

The average curves of the maximum inter-story drift values derived by the model for
each pga of each accelerogram are plotted in Figure 9a,b. Analysis of the curves shows that,
for pga lower than 0.3 g, the most vulnerable models are the BF (longitudinal direction)
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and PI models in the transverse direction. It is possible to observe that the evolution of
the inter-story drift ratio of the FI model is similar in both directions, i.e., it increases
significantly for pga higher than 0.3 g. The seismic response of the models appears to be
slightly different in the longitudinal and transverse directions. For pga higher than 0.4 g,
the FI model obtained the highest inter-story drift, followed by the BF and PI models.
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Figure 9. Nonlinear dynamic analyses: maximum inter-story drift ratio: (a) longitudinal and
(b) transverse direction. Maximum base shear: (c) longitudinal and (d) transverse direction.

Concerning the evolution of the maximum base shear (plotted in Figure 9¢,d), it is
possible to observe that the FI model values were 80% and 25% higher than those of BF
and Pl in the longitudinal direction, and 35 and 20% in the transverse direction. It can be
seen that the openings reduced the maximum base shear, as expected. Finally, it can be
concluded that the infill walls may significantly increase the shear forces that the building
structures’ foundations are subjected to during a seismic action. The assessment of existing
building structures must be carefully undertaken to study the possible need to strengthen
their foundations.

4. Parametric Study

A parametric study was performed to evaluate the impact of four different variables:
the openings’ vertical and in-plan irregular distribution and the ratio of the openings. The
results were determined in terms of natural frequencies, the evolution of maximum inter-
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story drift ratio, and base shear. For this, modal and nonlinear static pushover analyses
were performed.

4.1. Effect of Irregular Vertical Distribution (Scenario A)

The first parametric study evaluated the effect of the irregular distribution of openings
in height. This aspect is expected to have relevance to the dynamic response of build-
ings. Four different scenarios were studied: (A1) model with walls without openings (FI)
and with Floor 1 without walls; (A2) model A2 with walls with openings (PI) and with
Floor 1 without walls; (A3) walls with openings on Floors 1 and 3; (A4) walls with openings
on Floors 2 and 4, as illustrated in Figure 10.

Figure 10. Models under study in Scenario A.

Modal analyses were performed in all four models and the results were found to be
in accordance with expectation (Figure 11a). Specifically, model FI presents the highest
values for the frequencies of various vibration modes because it is the most rigid model
of those that were analyzed. Concerning the remaining models, it is worth noting the
importance of the absence of walls in Story 1. Indeed, in models Al and A2, where Floor 1
is without walls, the natural frequencies are always lower than in any other case, where
Floor 1 is filled with masonry panels (A3 and A4). This effect should be further enhanced if
the significant difference between the frequencies obtained varies between 44% and 95%.
In conclusion, the vertical distribution of the openings impacts the dynamic structural
characteristics. The magnitude of this effect will also depend on the relationship between
the area of the openings and the infill panels.
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Figure 11. Parametric study A: (a) natural frequencies; (b) capacity curve (longitudinal direction);
and (c) capacity curve (transverse direction).

The capacity curves of each model of Scenario A are presented in Figure 11b,c. The ini-
tial stiffness and maximum strength of the FI model are higher than those of the remaining
models. Along the longitudinal direction, the importance of having infill panels at the level
of Floor 1 is evident, independently of what happens on the upper floors. The models in
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which Floor 1 is without walls present lower initial stiffness than the models in which this
does not occur. In the transverse direction, the relevance of the existence of a soft-story can
also be noted.

In terms of maximum strength, the model again presents irregularities concentrated
on Floor 1 due to the lack of infill walls (Al and A2) or the existence of openings (A3).
The difference between the first three cases and the fourth case is clear. It can be seen in
Figure 11b that the first three cases (A1, A2, and A3) are 10% to 25% less resistant than
the reference model (FI). By comparison, in the case where Floor 1 is with walls without
openings, despite the irregular distribution of openings on the upper floors, the strength
capacity of this model is approximately equal to that of the FI model.

4.2. Effect of In-Plan Irreqular Distribution (Scenario B)

To analyze the torsion phenomena of the building, which may be triggered by the
distribution of in-plan openings, parametric study B was dedicated to evaluating the
effects that may be caused by varying the location of walls with openings on the same
floor. Three base scenarios were proposed and are illustrated in Figure 12. Each scheme
presented in Figure 12 is repeated throughout the height of the respective building, i.e., it
represents the location of each wall on any of the floors of the model.

B1

B2 B3

Figure 12. Models under study in Scenario B.

However, all scenarios show the in-plan distribution of two different wall models,
without opening (FI) and with opening (PI). The first two, B1 and B2, are symmetric in
relation to the two main directions, longitudinal and transverse. Scenario B3, in addition
to the irregular in-plan distribution of the walls with openings, presents an asymme-
tric configuration.

The results of this study are particularly interesting, with special attention to the B3
scenario, due to the asymmetry it presents. Thus, following the modal analysis (Figure 13a)
performed for each scenario, the first aspect to highlight is the fact that the first two
vibration modes of model B3, translation according to transverse direction (1st mode)
and according to the longitudinal direction (2nd mode), are not entirely “pure” in each
of these directions, i.e., despite being predominantly vibration modes of translation, they
present some torsion effects. This torsional effect derives from the eccentricity that exists
between the center of mass and the center stiffness of the structure, which leads the floors
to rotate around the center of stiffness when the building is subject to horizontal forces,
whose resultant acts on the center of mass. This is a classic problem in analyzing structures
subject to horizontal actions. In this case, the referred effect is caused by the asymmetric
distribution of the masonry walls with openings. Regarding the first two scenarios, B1 and
B2, the exchanges that occur between the first two modes can be justified by the change in
the relationship between stiffnesses in both directions with the exchange of positions of the
walls without opening (FI) with the walls with openings (PI).
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Figure 13. Parametric study B: (a) natural frequencies; (b) capacity curve (longitudinal direction);
and (c) capacity curve (transverse direction).

Concerning the analysis of the capacity curves (Figure 13a—c, it is possible to observe
that the highest initial stiffness was achieved in FI and B1 (similar value), followed by
B3 (—32%) and B2 (—56%). In the maximum strength, minor differences can be detected,
i.e., B2 about —18% and B3 about —7%.

4.3. Effect of Openings Ratio (Scenario C)

The models (Figure 14) used in this study were identified as C1, C2, C3, and C4, which
correspond to percentages of openings of 25%, 35%, 50%, and 65%, respectively. Naturally,
it is expected that, with the increase in the area of the openings, the response is expected to
be closer to a scenario without walls (BF).

16,2% (PI) 25% (C1) 35% (C2) 50% (C3) 65% (C4)
Figure 14. Models under study in Scenario C.

The modal analysis results are plotted in Figure 15a. It is possible to observe that
the values obtained decrease with the increase in the opening ratio, evolving consistently
towards the expected results, since it is expected that stiffness decreases as the area of the
openings increases. Furthermore, it should be emphasized that, even in scenario C4, in
which the openings present the maximum area corresponding to 65% of the panel area, the
order of vibration modes remains unchanged. This demonstrates that, even with such a
large opening area, the walls contribute to the dynamic response of the structure (remem-
ber that the first vibration mode of the building without masonry walls is longitudinal,
according to the longitudinal direction, and the second transverse mode, according to the
transverse direction).

The capacity curves extracted from the nonlinear pushover analysis are plotted in
Figure 15b,c. It can be seen that the initial stiffness values decrease as the area of openings
increases. This agrees with expectations and is consistent with the evolution of the natural
frequencies obtained in the modal analyses.

Regarding the maximum base shear, the values decrease from FI to PI and from PI
to C1, as expected; but from scenario C1 to C2 and from C2 to C3, these values increase,
presenting peaks that have similarity with reality, and then decrease again from C3 to C4.
This inconsistency is explained by the fact that the wall models used in scenarios C1, C2,
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C3, and C4 were not calibrated, in contrast to Section 2 of this work, in which the FI and PI
models were calibrated based on experimental results.
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Figure 15. Parametric study C: (a) natural frequencies; (b) capacity curve (longitudinal direction);
and (c) capacity curve (transverse direction).

5. Conclusions

The present work analyzed the influence of infill masonry panels and their openings on
the seismic behavior of reinforced concrete frame structures. For this purpose, comparative
analyses were performed between several scenarios (without infill walls, with an irregular
distribution, e.g., vertical and horizontal, percentage of openings, among others), where
the masonry, without and with openings, comprised the main variables for evaluating
their effects.

This work’s first objective was to validate a macro-model’s efficiency in simulating
the seismic behavior of a masonry infill panel with a central opening and the other with
an opening. Two numerical models were built and calibrated based on two in-plane
experimental tests. It was observed that, to simulate the behavior of the panel with an
opening, it was necessary to reduce the value of some parameters that characterize the
properties of the strut elements. The parameters that control the model’s response in terms
of initial stiffness, ultimate strength, strength degradation, and energy dissipation capacity
were identified. The most influential parameters were, for panel initial stiffness, Em; for
maximum strength, fm6; and for shear strength, To and p. This was in addition to the area
of the idealized strut (Ams1/Ams2). Concerning the comparison between the responses of
the panel with and without openings, reductions in the initial stiffness (22%), maximum
strength (40%), and energy dissipation (36%) were found.

Then, a four-story RC building structure was studied considering three different
situations: (i) without infills; (ii) with full infills along the building envelope but without
openings; and (iii) with full infills along the building envelope but with openings. From the
numerical analysis, it was observed that the introduction of masonry wall panels caused
an increase in the values of the natural frequencies ranging from 2.5 and 3.78 times. In turn,
the openings caused a reduction in the natural frequencies of about 20% compared with the
full infill (without openings). The introduction of masonry walls caused a modification in
the direction of the first two vibration modes. The openings did not reverse this situation.
It was also observed that the infill walls without openings increased the lateral stiffness by
between 248 and 640% compared with the bare frame model. The openings reduced the
initial stiffness by about 20% compared with the model without openings. The maximum
strength increased by about 50% with the infill walls, but the openings reduced it by 20%.
After reaching the peak load, a quick strength degradation was observed. The collapse of
the walls limits the global failure mechanism of the building, i.e., the possible soft-story
mechanism can be developed if the infill walls of the same story reach their limit.
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Finally, four parametric studies were performed to understand the influence of several
variables on the response of an infilled reinforced concrete building subjected to a given
seismic action. The following variables were studied: vertical irregularities in the distribu-
tion of openings in the masonry walls (Scenario A) and in-plan (Scenario B), and variation
in the area of the openings (Scenario C). Each scenario was studied and the following
conclusions can be drawn:

e  The vertical irregularity due to the distribution of openings changes the dynamic
characteristics of the building structure, namely, the natural frequencies are reduced
by 66%. It also modifies the initial stiffness values and maximum resistance by
between 10 and 25%. It was also observed that the collapse mechanisms vary due to
the openings.

e  The in-plane irregularity in the opening distribution caused similar effects to those
observed in Scenario A. The conclusions are identical to the previous case. In par-
ticular, the irregular horizontal distribution of the opening increases the potential
for the torsional phenomena of the building. Reductions in the initial stiffness
by between 32% and 56%, and in the maximum strength by around 7-18%, were
also observed.

e  The importance of the area of the openings was studied and it was found that this
variable also influences the dynamic response of the building. The increase in the
openings area makes the model response more similar to that without masonry infill
walls. A relevant aspect to consider is the way in which the numerical input properties
are defined for the masonry infill walls, since they cannot be directly extrapolated.

In future works, it is suggested to investigate reduction factors that can be used to
simulate the seismic behavior of walls with eccentric openings.
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