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Optimization and design of the placement of infill walls in 4- and 
8-storey structural frames
Optimización y diseño de colocación de muros de relleno en marcos estructurales 
de 4 y 8 plantas
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ABSTRACT

In construction, brick and concrete are the most widely used materials, occupying an important part of the building budget. Its great 
versatility in construction, contrasts with the fragility of these elements. This solution is suitable for low-rise buildings, but it is not 
so clear for medium and high-rise buildings, due to its low ductility and its weight. The proper location of these walls in buildings 
could improve their resistant and ductile behavior. In this research, the optimal solution is found for the placement of infill walls 
with bricks in 4- and 8-story frames, considering ductility and resistance.
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RESUMEN

En la construcción, el ladrillo y el hormigón son los materiales más utilizados, ocupando una parte importante del presupuesto 
de edificación. Su gran versatilidad en la construcción contrasta con la fragilidad de estos elementos. Esta solución es adecuada 
para edificios de baja altura, pero no está tan clara para edificios de altura media y alta, debido a su baja ductilidad y su peso. 
La correcta ubicación de estos muros en los edificios podría mejorar su comportamiento resistente y dúctil. En esta investigación 
se encontrará la solución óptima para la colocación de muros de relleno con ladrillos en pórticos de 4 y 8 pisos, considerando 
ductilidad y resistencia.
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1. INTRODUCTION

Infill walls have demonstrated their structural effectiveness 
over the years, being the most widely used structural solu-
tion in the countries, due to the technical characteristics that 
these elements produce on buildings (1). In addition, the use 
of enclosure and partition elements in buildings does not af-
fect the economic section of the same, as they are elements of 
(almost) mandatory use in buildings. On the other hand, the 
preference for more solid and durable solutions on the walls 
(2) of the users, makes it a constructive solution that is high-
ly accepted by people for their houses, regardless of the cost 
of these. The characteristics provided by this constructive 
solution, has demonstrated its effectiveness to natural events 
such as earthquakes produced in seismic countries such as 
Haiti, Chile, and Japan (3).

Even so, the seismic vulnerability of buildings in countries 
with low or moderate magnitude earthquakes (4) in recent 
years, show that the way it is built, and the materials used 
in construction are not perfect (5-9). For example, (10) re-
ported extensive in-plane and out-of-plane damage to ma-
sonry infills in reinforced concrete buildings during the 2009 
L’Aquila earthquake. Significant non-structural damage was 
also observed following the 2010 New Zealand (11) and 2012 
Emilia earthquake (12) also in 2016 in central Italy (13). That 
is why alternatives should be sought to improve the construc-
tive characteristics of buildings.

According to studies carried out, the use of infill walls in build-
ings improves structural behavior, but, on the contrary, the 
weight and excessive stiffness that these elements provide to 
structures affects their earthquake-resistant behavior (14). 
This has also been confirmed experimentally during laborato-
ry tests performed on the shaking table (15, 16). The numerical 
comparisons carried out in this investigation have been carried 
out using the Seismostruct structural program. To solve this 
without affecting the architectural design and the materials 
used, this research will delve into the optimization of the num-
ber and position of these elements in buildings.

The use of infill walls in low-rise buildings (17, 18) has been 
shown to improve the seismic and structural behavior of 
buildings, making them more resistant and rigid. However, 
in medium and high-rise buildings, due to the great rigidity 
and weight that these elements contribute to the structures 
(19-21), it does not make it so relevant. To solve this prob-
lem, it has been proposed to replace these elements with 
other more complex devices: dissipators and base insulators, 
among others (22-24). Unfortunately, the incorporation of 
high-tech devices in all types of buildings (especially in low-
rise buildings, such as single-family homes) is not viable in 
society (25-29), due to its cost and the high preparation re-
quired for its installation by workers. That is why brick walls 
(filler) are the most used construction element today to im-
prove the structural performance of buildings, due to the ver-
satility that these elements have in construction.

In many non-seismic countries, such as in seismic countries 
such as Turkey, Nepal, or Peru (30-32), fired clay bricks 
used in the walls are still the most widespread solution. Fur-
thermore, in highly seismic countries like Chile, where sin-
gle-height houses represent 60% of all constructions, most of 
them are made with fired clay brick walls (43% of the surface 
of the walls), according to the National Institute of Statistics 

(INE, 2021) (33) and the Chilean Chamber of Construction 
(CCHC, 2021) (34).

These elements so widely used in construction have led many 
researchers to be interested in solving this problem, generat-
ing work and research to optimize the use of these construction 
elements. Examples are the placement of steel sheet walls (35) 
and infill walls (36), as well as the evaluation of the structur-
al behavior of buildings with these elements (37). The main 
contribution of this work is to study the optimization of the 
layout of the infill walls in the different spans that make up the 
frames. For this, the resistant and ductile behavior of the struc-
tures will be studied, important characteristics that are consid-
ered in the structural and earthquake resistant behavior.

2. BACKGROUND

The use of infill walls (masonry) in constructions represents 
a significant percentage of building budgets, reaching up to 
30% of it (38).

Clay bricks have been used frequently by many countries in 
structural (39-41) and non-structural enclosures and in parti-
tion walls due to their low cost and good construction charac-
teristics. For this reason, numerous researchers have studied 
the influence of different additives to the chemical composition 
of these elements on their thermal (42, 43), acoustic (44) and 
mechanical (45) properties to improve the structural proper-
ties and energy efficiency of buildings. Among such materials, 
examples are the addition of metallic or polypropylene fibers to 
the mixture to increase the properties of load capacity (46-48), 
resistance to shear stress or ductility (49). Likewise, but from 
an environmental point of view (limiting the damage caused by 
the extraction of raw materials and/or CO2 emissions), some 
mixtures have considered the addition of volcanic ash (50), 
wood (51), and recycled concrete (52-54), among others.

This type of solution is effective in low-rise and new construc-
tion but could be limited in existing and taller buildings. For 
this, the introduction of stiffeners (braces) (55, 56) and more 
complex anti-seismic devices such as isolators (57-59) and 
dissipators (60-62) could be the solution, but the high eco-
nomic and architectural design cost of this type of solution 
could also limit their application, especially in buildings for 
social use.

There are frame structural investigations, where the intro-
duction of brick walls significantly increases the resistance 
and initial stiffness of constructions (1, 63, 64). These works 
show the increase in the basal shear and the seismic forces of 
the buildings when filling walls are incorporated. The initial 
resistant capacity and stiffness of the buildings is due to the 
infill walls, so that when this fail, the buildings immediately 
lose much of their resistance abruptly, continuing the struc-
tural behavior that bare buildings would have (only columns 
and beams) (64).

The good performance of these elements in low-rise frame 
buildings has made many researchers interested in their 
behavior (36). Among all the existing solutions, this study 
delves into the effect that these elements have on structures, 
considering their layout in plan and elevation. To do this, the 
structural behavior of these elements in a medium and low-
rise building is analyzed, considering the optimal placement 
that these elements would have in arcaded structures.
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3. STRUCTURAL ANALYSIS

This section describes the structural behavior of 4- and 8-sto-
rey frame models using nonlinear static analysis (push-over). 
The calculations were implemented with the structural anal-
ysis software Seismostruct v.7.0.2 (2015). This software is 
based on a finite element analysis, a product of the company 
Seismosoft® (2015) (65) and allows an estimation of the re-
lationship between the displacement on the top floor and the 
maximum total base shear of the buildings under static and 
dynamic loads, considering the behavior of non-linear mate-
rials in all their geometries. The results of these non-linear 
static analysis (push-over) (NLSA) are shown in the respec-
tive capacity curves

3.1. Description of the analysed frames 

The structures analyzed are frame constructions, due to the 
use of this structural system in many Latin American and Eu-
ropean countries (63, 66) and the ease of inserting infill walls 
between the columns of frames. These structures are charac-
terized by fast execution times and few material resources. 
Both aspects are directly related to the reduction of construc-
tion costs.

It has been shown in research that the structural behavior of 
bare frames buildings (beams and columns) (without walls, 
braces, among others) designed with gravitational loads, is 
not effective (1, 63, 64) against seismic movements, due to 
its low resistance. On the other hand, the structural require-
ments that bare frame buildings designed with seismic-re-
sistant regulations would have in places with medium and 
high seismicity, make compliance very difficult, without the 
help of other elements (walls, bracing, among others). Conse-
quently, it is advisable to incorporate structural (shear walls) 
and non-structural (infill walls) walls to mitigate the possible 
damage caused (63, 67), complying with the normative re-
quirements.

In recent years, most European countries have been adapting 
their national (structural) codes to resemble European codes 
(Eurocodes). For this reason, this work has considered the 
earthquake resistance Eurocode 8 (EC-8) (EN, 2004) (68) for 
the design of building models. The elements that make up the 
frames (beams and columns) have been designed considering 
the European standard for reinforced concrete (EC-2) and 
the Spanish standard EHE-08. In these calculations, given 
the high lateral flexibility of the frames, second-order effects 
have been considered; however, in most cases the differences 
with first order analyzes are small. In addition, the calcula-
tions have considered the seismic forces obtained from EC-8, 
for a soil acceleration ag = 0.20g and a hard soil (type B). 
Consequently, the results of this work can be considered rep-
resentative for a significant percentage of existing buildings 
in Europe and part of Latin America. 

The materials used for the structural elements (beams and 
columns) were concrete HA-30 corresponding to a charac-
teristic resistance of fck = 300 kg/cm2 and steel B-500-S, with 
an elastic limit of the steel fyk = 5,000 kg/cm2. Both materials 
are defined in the CTE DB SE AE Standard (2006) (69).

The loads considered in the structural analysis follow the 
combination of actions G + 0.3Q of Eurocode 8 (2004) (68), 
where G determines the weight of the structure and Q the live 

loads (load of use of the building), considering a residential 
use, administrative or small business, equivalent to 2 kN/m2 
(2006) (69) in all the floors of the frame except for the upper 
floor (roof), whose load was 1 kN/m2. The surface loads of 
the slabs have been transferred to the beams of the frames, 
multiplying them by the length corresponding to the length 
supported on it.

The present work did not consider the collaboration of the 
window carpentry in the frame openings due to its great 
fragility and low resistance. Said space is determined in the 
empty bays.

Finally, in all the floors of the frame, a rigid diaphragm has 
been considered corresponding to the effect caused by the 
12 cm concrete slab on the structures, an element that limits 
possible displacements in the vertical axis.

As shown in Figures 1a and 1b, each frame model is made up of 
4 spans of 5 meters in length (this measurement is on the col-
umn axes). The height between floors is 3 meters, with a free 
height per floor of 2.60 meters. The horizontal structural ele-
ments of the frames correspond to beams 30 cm wide and 40 
cm high for all heights. The vertical elements of each frame are 
made up of five columns of different sizes that vary by 10 cm on 
each 3 floors. The three upper floors of both models correspond 
to 30x30 cm columns. The dimensioning of the columns and 
the beams is detailed in Figures 1a and 1b. The structural con-
tinuity of the structural elements is achieved through the longi-
tudinal reinforcements (the steel reinforcement in the concrete 
that connect the beams and columns), complying with all the 
requirements of the European codes of structural design.

The total height of the frames is 12 and 24 meters for the 4- 
and 8-storey buildings, respectively. The configuration of the 
structures is regular and symmetrical in elevation (Figures 1a 
and 1b). In the different configurations of the 4- and 8-sto-
rey models used, except for the bare frames (case 4_NW and 
8_NW), half of the spans are made up of infill walls and the 
other half are empty, as shown in Figures 2 and 3. The empty 
openings correspond to the window and door openings that 
the buildings would have.

(a) 4-storey frame (b) 8-storey frame

Figure 1. Elevation frames of buildings.

Figures 2 and 3 show the different frame configurations ana-
lyzed in this study. The identification of each case is done by 
means of two terms; a first number that indicates the number 
of heights of the frames, an underscore (_) and the letter “W” 
accompanied by another number that indicates the number 
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of the case to which it refers. For example, 4_W6 would be 
identified with a 4-height frame, being the configuration 
number 6 of the image corresponding to Figure 2. The case 
in which the second of the terms is “NW” corresponds to the 
frames without walls, in the other cases, “Wn” corresponds to 
the different cases with walls, where “n” is the case number.

Figure 2. External frames of buildings: 4-storey frame.

Figure 3. External frames of buildings: 8-storey frame.

The bricks that make up the infill walls of the frames 
are located under the upper beam of each story without 
any type of anchoring to the structural elements. These 
non-structural walls are made up of 23 cm x 12 cm x 10 
cm bricks, separated by 1 cm thick mortar with ladder-type 
steel transverse reinforcements every four rows of bricks, 
as shown in Figure 4.

a)

b)

Figure 4. Arrangement of bricks: (a) assembly I; (b) assembly II.

3.2. Main frame modelling 

The elements that make up each of the frames were mod-
elled using finite bar elements (70, 71) made up of 2 nodes. 
For each structural element (columns and beams), its me-
chanical properties were individually specified following 
the prescriptions proposed by Mander et al. (1988), for 
concrete (72) and Ferrara’s bilinear model (73) for rein-
forced steel bars.

In particular, and due to the simplicity and speed of the 
calculations, the beams and columns that make up the 
frames are represented by non-linear finite bar elements 
(74), where the non-linearities are concentrated in the 
plastic hinges located at the ends, corresponding to 15% 
of the total length of the element (75, 76). Furthermore, 
according to Scott et al. (75), it was considered that the 
joints/connections between the columns and the concrete 
beams were rigid assuming that the reinforcements used 
are satisfactorily anchored (connectivity) between the 
structural elements (beams and columns), while the hys-
teretic behavior that represents the stress distribution was 
calculated with fiber models based on the properties of the 
material and the cross-section of the structural elements 
(discretized with 300 fibers). In the model, the gravita-
tional loads are applied on the beams, and the horizontal 
load increment to carry out the non-linear incremental 
static calculations (push-over), applied laterally on the 
nodes corresponding to each of the frame heights, follows 
a triangular loading pattern.

https://doi.org/10.3989/ic.93713
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The structural analyzes carried out have been considered for 
a damping of 5%, specified by most of the earthquake resist-
ant Standards (EC-8, NCSE-02, NSR-10, among others) and 
existing studies.

The simulation of the mechanical behavior of each of the 
materials that make up the elements of the frame (concrete, 
steel, and ceramic bricks) requires the entry of various data 
corresponding to the properties of the material and the re-
quirements established by FEMA and ASCE in relation to the 
hysterical behavior of the elements that make up the frame 
were considered sufficient. For this reason, the experimental 
plasticization and rotation values obtained from the capacity 
curves of the materials and the structural elements (beams 
and columns) that make up the frames were considered suffi-
cient. The characteristics of the infill walls are determined in 
the next section.

3.3. Infill wall modelling

The existence of infill panels modifies the behavior of RC 
structures. The modelling of the infill wall has been estab-
lished considering the non-linear inelastic behavior, the de-
termination of the mechanical properties of the materials and 
the interaction with the frame. In research there are many 
techniques for analyzing these elements. This work has con-
sidered the studies of Crisafulli et al. (76) for computational 
analysis. To do this, after a detailed review of the different 
existing analysis, this work adopts the double-strut approach 
proposed by Crisafulli (77) and implemented by Calvi et al. 
(78) using Seismosoft® software. The selection of this model has 
been based on the good results offered by the panel‒frame inter-
action in the modelling and the reasonable computational 
calculation times. In addition, this type of analysis has been 
successfully applied for the seismic response of reinforced 
concrete frames with multi-story infill walls, with verified re-
sults (79). 

The Crisafulli approach proposes a macro model for the eval-
uation of the global response of this system. The model is im-
plemented as a four-node panel element, which is connected 
to the frame at the beam‒column joints (Figure 5). Internally, 
the infill panel element considers the compressive and shear 
behavior of the masonry panel using two parallel struts and 
a shear spring in each direction, as indicated in Figures 5a 
and 5b. This model allows adequate consideration of the lat-
eral stiffness of the panel and the strength of the masonry 
panel, particularly when shear failure along mortar joints or 
diagonal stress failure is expected. In the bibliographic ref-
erence (79), the numerical analysis on the transformation of 
the forces in the internal and fictitious nodes into the external 
forces in the four nodes that make up the panels can be ob-
served in detail.

Figure 5. Infill wall model.

For the modelling of the brick elements (infill walls) that 
make up the masonry panels, a four-node panel element 
has been considered, developed by the studies carried out 
by Crisafulli et al. (76). For the modelling of the non-line-
ar response of these panels, the SeismoStruct software has 
been used, through the studies carried out by Smyrou et al. 
(80). Each panel is represented by six strut members. Each 
diagonal direction has two parallel struts to transport axial 
loads through the two opposite diagonal corners and a third 
to carry the shear from the top to the bottom of the panel. 
This last prop only acts through the diagonal that is in com-
pression, so its ‘activation’ depends on the deformation of 
the panel. Axial load struts use the masonry strut hysteresis 
model, while the shear strut uses a bilinear hysteresis struc-
tural behavior rule.

Also, as can be observed in Figure 5, four internal nodes 
are employed to account for the actual points of contact be-
tween the frame and the infill panel (i.e. to account for the 
width and height of the columns and beams, respectively), 
whilst four dummy nodes are introduced with the objective 
of accounting for the contact length between the frame and 
the infill panel. All the internal forces are transformed to 
the exterior four nodes (which, as noted here, need to be 
defined in anti-clockwise sequence) where the element is 
connected to the frame.

The masonry element type is combination of a 3D, force-
based, plastic hinge element type employed in modelling 
mainly the bending behavior of the masonry member (here-
in referred to as the ‘internal sub-element’) with two links 
at the two edges that are employed to simulate the shear 
behavior of the member (herein referred to as the ‘external 
links’ or the ‘link sub-elements’). The internal sub-element 
and the external links are connected in series, ensuring 
equilibrium in bending moment and shear force. The only 
‘active’ degrees-of-freedom of the link sub-elements are the 
two translational ones in the shear directions (in-plane and 
out-of-plane), whilst the other four DOFs (axial and 3 ro-
tational) remain perfectly rigid links. Both masonry walls 
and spandrels can be accurately modelled with such con-
figuration. The shear DOFs of the link sub-elements feature 
a hysteretic curve that is based on SeismoStruct’s built-in 
MIMK pinched nonlinear curve (Modified Ibarra‒Medi-
na‒Krawinkler deterioration curve with bilinear hysteretic 
rules and pinching), according to a phenomenological law 
that describes the shear behavior of the entire member. Si-
multaneously, in the internal sub-element the fiber-section 
modelling allows for a relatively accurate description of the 
coupled axial-flexural behavior. The sectional stress‒strain 
state is obtained through the integration of the nonlinear 
uniaxial material response of the individual fibers, in which 
the section has been subdivided, fully accounting for the 
spread of inelasticity along the member length and across 
the section depth. The determination of the shear strength 
of the member is crucial for the model’s accuracy, and is au-
tomatically carried out by the model, based on the mason-
ry’s material properties, the dimensions of the member, and 
the selected Structural Code. The following expressions are 
employed for the calculation of the member’s shear capacity 
(it is noted that different equations are employed in the dif-
ferent Standards).

The parameters required for the full definition of the element 
properties are the following tables (Table 1 and 2):
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Table 1. Numerical values for geometric and mechanical 
parameters obtained in the laboratory (part. 1).

Unit Typical Values Ordinary 
bricks used

Shear strength value (Kg/cm2) 
ACI 530 - 88 8.3 7.8

Poisson ratio 0.1 – 0.3 0.2

Post-peak stiffness (KPa) -2.5e+6 - -3.0e+7 
KPa -2.5e+6 KPa

Residual Strength 500 – 50000 KPa 10000 KPa
Specific Weight (KN/m3) 24 KN/m3 16.80 KN/m3

Strain at peak stress ℰc
0.002 – 0.0022 

(m/m) 0.002 (m/m)

Section fibres 150 300
Elastic Stiffness Reduction, a 1.0 1.0
Total shear Deformation Capa-
city (%) 0.15 0.15

Post-capping Shear Deformation 
Capacity (%) 1.50 1.50

Ultimate Shear Deformation 
Capacity (%) 2.00 2.00

Residual Shear Strenght Ratio 0.30 0.30
Shear Deformation Hardening 
Ratio 0.001 0.001

Cyclic Deterioration Parameters 
for Shear Streng/Stiffnes 50 50

Ratio of the force at the start of 
reloading to the max. deforma-
tion

0.20 0.20

Table 2. Numerical values for geometric and mechanical 
parameters obtained in the laboratory (part. 2).

Curve Properties Typical values Ordinary 
bricks used

Initial Young modulus – Em 400fmθ - 1000 fmθ 
(kPa) 1812200 (kPa)

Compressive strength – fmθ - 38100 (kPa)
Tensile strength – ft (NTC-18) - 1000 (kPa)
Strain at maximum stress – εm 0.001 - 0.005 (m/m) 0.0012 (m/m)
Ultimate strain – εu - 0.024 (m/m) 
Closing strain – εcl 0 - 0.003 (m/m) 0.004 (m/m)

Strut area reduction strain – ε1 0.0003 - 0.0008 
(m/m) 0.0006 (m/m)

Residual strut area strain – ε2 0.0006 - 0.016 
(m/m) 0.001 

Starting unload. stiffness factor 
– γun

1.5 - 2.5 1.5

Strain reloading factor – αre 0.2 - 0.4 0.2
Strain inflection factor – αch 0.1 - 0.7 0.7
Complete unloading strain factor 
– βa

1.5 - 2.0 1.5

Stress inflection factor – βch 0.5 - 0.9 0.9
Zero stress stiffness factor – γplu 1
Reloading stiffness factor – γpr 1.5
Plastic unloading stiffness factor 
– ex1 3

Repeated cycle strain factor – ex2 1.4

Shear bond strength – τ0

300 - 600 (kPa) 
(Hendry, 1990) 100 
- 1500 (kPa) (Paulay 
and Priestley, 1992) 

100 - 700 (kPa) 
(Shrive, 1991)

300 KPa

Friction coefficient – µ (ACI-
530-88) 0.1 - 1.2 0.67

Maximum shear strength – τMAX 678 KPa
Reduction shear factor – αS 1.4 - 1.65 1.5

4. BUILDINGS PERFORMANCE 

The different structural design codes describe different pro-
cedures for the seismic analysis of buildings. Among the dif-
ferent analysis, this work considers three types of analysis; 
the simplified method and the spectral analysis of the EC-8 
Standard to obtain the seismic forces and perform the dimen-
sioning of the structural elements (beams and columns of the 
frames) and the NLSA, which is described below, and which 
will be used to establish the final conclusions of this work.

For this investigation, the same structural sections and ma-
terials will be used throughout the frame. The difference in 
each case will be in the arrangement of the walls in the open-
ings of the frames. To do this, 17 types of filler wall locations 
will be compared for each of the 2 analyzed frames (4 and 8 
stories), in addition to the bare frames (without walls).

4.1. Non-linear static (push-over) analysis 

The nonlinear static analysis of incremental thrust is used to 
estimate the maximum horizontal capacity (base shear) of 
a structure, considering the deformation and the frequency 
content of the dynamic response movement. For the evalu-
ation and calculations carried out, the references used were 
Antoniou and Pinho (81, 82) and Ferracuti et al. (83).

In carrying out the calculations, the lateral load distribution 
is not kept constant, but is continually updated during the 
analysis, in accordance with the modal forms and the partic-
ipation factors derived from the eigenvalue analysis at each 
step of the calculation process. This method is multimodal, 
explaining the softening of the structure, the lengthening of 
its period and the modification of the inertial forces due to 
spectral amplification.

The constant updating of the triangular lateral load patterns is 
carried out according to the modal properties that constantly 
change the system, which provide better response estimates 
than conventional methods, especially in cases where there are 
strength or stiffness irregularities in the structure and/or the 
highest mode effects, according to Pinho, R.et al. (84).

The adaptive algorithm that SeismoStruct implements is 
very flexible and can accept several different parameters that 
adapt to the specific requirements of each project. Examples 
are the SRSS and CQC modal combination methods (Clough 
and Penzien (85); Chopra (86)).

Non-linear analysis (push-over) allow calculation of the max-
imum horizontal strength capacity of structures whose dy-
namic response is not significantly affected by the levels of 
deformation experienced. That is, the distribution of horizon-
tal forces that simulate the dynamic response can be assumed 
constant. NLSA is one of four analysis procedures embodied in 
FEMA 356 (87) and ASCE 41 (88, 89) and is commonly used in 
performance-based design approaches. For interested readers, 
a complete description of the method can be found in (87-89). 

The methodology followed in this work concentrates on the 
failures of the frames in the plastic hinges that appear in the 
areas near the nodes of each structural element (beams and 
columns). The analysis was made assuming triangular load 
distributions. This load pattern is increased proportionally 
with a factor (λ·p) until structural instability is reached. Ad-
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ditionally, a response control corresponding to an increase in 
the top floor nodes displacement is used.

The criteria considered in the deformations and failures in 
this analysis, corresponding to concrete and steel, use the 
standard values implemented in Seismostruct (90-94), 
being; concrete cracking (0.0001), concrete detachment 
(−0.002), crushing the core concrete (0.006), creep (0.0025) 
and steel fracture (0.06). In addition, the criteria referring to 
curvature and rotations were verified through the rotational 
capacity of Mergos (95), and the shear base capacity estab-
lished in the Eurocode 8 (EC-8). The tolerances used for the 
displacements and rotations were of the order of 10-5 in all 
cases, with a maximum number of 300 iterations.

The maximum displacement capacity is predicted consider-
ing geometric non-linearities such as inelasticity of materi-
als. The greater or lesser displacement that the structure has 
is determined based on the number of plastic hinges that are 
formed in the structure, until it becomes totally unstable. 

The legend corresponding to the capacity curves of Figures 6 
and 7 that appear on the right side of the same, corresponds 
to the cases considered in Figures 2 and 3 of section 3.1

Figure 6. Capacity curves (compression force - deformation) for 
structural use in 4-storey buildings.

Figure 7. Capacity curves (compression force - deformation) for 
structural use in 8-storey buildings.

Figures 6 and 7 show the ‘non-linear’ static behavior of the ana-
lyzed 4- and 8-storey models, respectively. The graphs repre-
sented allow us to see the elastoplastic behavior of the frames 
prior to collapse. The beginning of each curve makes it possible 

to locate the elastoplastic behavior of the structures before the 
major fault. In the elastic area of the curve (linear part), small 
differences were observed between the different cases analyzed, 
except for the bare frames. However, as the applied horizontal 
force increases, the displacement differences are greater be-
tween models for the same load level. During the load increase 
from 0 kN to the first major failure, it is the infill walls that re-
sist the shear forces applied to the structures. These elements 
increase the initial stiffness of the structure, causing the main 
structural elements (beams and columns) to fail later. This is 
observed with a significant reduction in the structural rigidity of 
the frames once their maximum strength is reached. On the oth-
er hand, it can also be observed how the structural behavior of 
buildings, once the maximum shear is reached, tends to equal-
ize. This is due to the collapse of the infill walls in the initial part 
of the graph’s capacity curves, the main elements (beams and 
columns) being those that support the frame structure once the 
maximum resistance produced by the walls has been reached.

The plasticity in the capacity curves is mainly generated by 
the cracks produced in the concrete and bricks that make 
up the infill walls and the plasticity of the existing steel rein-
forcement in the primary structural elements. These effects 
are determined by the formation of plastic hinges in each ele-
ment. The greater or lesser number of hinges that are formed 
in each case analyzed prior to the collapse will determine the 
length of these curves and the ductility of the frames.

The structural performance of brick-walled frames generates a 
significant increase in shear force when compared to the struc-
ture without any type of wall. The maximum value reached for 
both frame structures is between 800 kN and 1000 kN in the case 
of frames with infill walls, this being approximately 20% higher 
in most of the cases analyzed than frames without walls. After 
these failures, a slight decrease in the structural performance of 
the cases can be observed. The displacement and resistance in 
the frames with infill walls is associated with the location of the 
walls in the frames, which generates more ductile structures.

Finally, due to the increased ductility, it is possible to see that 
the first major failure in most of the 4-storey frames occurs with 
an approximate displacement of 100 mm in structures with 
walls, being slightly higher in frames without walls (134 mm). 
On the other hand, in the 8-storey frames, the first major failure 
in most of the structures with walls occurs with a displacement 
of 200 mm, being slightly lower in the frames without walls (269 
mm). This proportional relationship of displacements is pro-
duced because they are structures with similar stiffnesses.

Table 3 show the values of the ductility, fundamental peri-
od, deformation and plastic and ultimate resistance in the 
frames of 4 and 8 stories. Obviously, the results show greater 
ductility in frames without walls. The percentages of values 
included in parentheses in table 2 correspond to the increase 
in these values with respect to the frames without any walls.

Analysis of the best behaviors ranks cases 4_W8 and 8_W10 
as the most resistant and cases 4_W9 and 8_W2 as the most 
ductile. Similarly, cases 4_NW and 8_NW are the least strong 
and cases 4_W12 and 8_W8 are the least ductile.

By selecting the 6 most resistant and ductile frames, they 
confirm that the walls are concentrated in the external open-
ings and in the upper part of them.
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5. DISCUSSION

The bricks used in walls have achieved a wide diffusion in 
construction due to their remarkable resistance, thermal and 
acoustic insulation, fire resistance and low moisture absorp-
tion. However, seismic countries like Chile, Japan and many 
others also require materials with good earthquake resistant 
behavior.

Among the construction solutions that improve the earth-
quake-resistant behavior of buildings is the reduction of the 
weight of the buildings, the increase in ductility and the in-
clusion of anti-seismic devices such as dissipators, isolators, 
bracing and the inclusion of infill walls in the buildings, de-
vices that are necessary for regulatory compliance in seismic 
countries such as Chile.

Table 3. Deformations base shear and ductility for structural use in 4-storey buildings and 8-storey buildings.

Frame type Fundamental 
Period (T) (s)

Plastic 
deformation 

(δp) (m)

Ultimate 
deformation 

(δu) (m)

Base Shear Plastic 
force (kN)

Base Shear 
Ultimate force 

(kN)

Ductility 
(μ = δu/δp)

4_NW (Bare frame) 0.46 0.134 0.356 676 756 2.50

4_W1 0.29 (-37%) 0.102 (-24%) 0.223 (-37%) 816 (+21%) 938 (+24%) 2.19 (-23%)

4_W2 0.30 (-35%) 0.119 (-12%) 0.297 (-17%) 787 (+16%) 893 (+18%) 2.30 (-8%)

4_W3 0.29 (-37%) 0.104 (-23%) 0.224 (-37%) 806 (+19%) 934 (+23%) 2.15 (-14%)

4_W4 0.29 (-37%) 0.103 (-24%) 0.224 (-37%) 813 (+20%) 939 (+24%) 2.16 (-14%)

4_W5 0.29 (-37%) 0.103 (-24%) 0.224 (-37%) 811 (+20%) 938 (+24%) 2.16 (-14%)

4_W6 0.29 (-37%) 0.103 (-24%) 0.224 (-37%) 814 (+20%) 939 (+24%) 2.16 (-14%)

4_W7 0.29 (-37%) 0.104 (-23%) 0.223 (-37%) 810 (+20%) 938 (+24%) 2.15 (-14%)

4_W8 0.27 (-41%) 0.117 (-13%) 0.264 (-26%) 941 (+39%) 1068 (+41%) 2.08 (-17%)

4_W9 0.31 (-33%) 0.112 (-17%) 0.263 (-26%) 678 (+0.3%) 759 (+0.4%) 2.35 (-6%)

4_W10 0.29 (-37%) 0.102 (-24%) 0.224 (-37%) 816 (+21%) 938 (+24%) 2.18 (-13%)

4_W11 0.28 (-39%) 0.083 (-38%) 0.160 (-55%) 692 (+2%) 831 (+10%) 1.93 (-23%)

4_W12 0.30 (-35%) 0.092 (-32%) 0.175 (-51%) 724 (+7%) 830 (+10%) 1.91 (-23%)

4_W13 0.27 (-41%) 0.102 (-24%) 0.200 (-44%) 779 (+15%) 904 (+19%) 1.96 (-22%)

4_W14 0.29 (-37%) 0.105 (-22%) 0.223 (-37%) 807 (+19%) 938 (+24%) 2.13 (-15%)

4_W15 0.29 (-37%) 0.103 (-24%) 0.224 (-37%) 810 (+20%) 934 (+23%) 2.17 (-13%)

4_W16 0.29 (-37%) 0.103 (-24%) 0.224 (-37%) 813 (+20%) 939 (+24%) 2.17 (-13%)

4_W17 0.28 (-39%) 0.103 (-24%) 0.224 (-37%) 812 (+20%) 938 (+24%) 2.17 (-13%)

8_NW (Bare frame) 0.91 0.269 0.640 701 789 2.38

8_W1 0.79 (-13%) 0.217 (-20%) 0.460 (-28%) 880 (+26%) 992 (+26%) 2.12 (-11%)

8_W2 0.83 (-9%) 0.220 (-19%) 0.500 (-22%) 719 (+3%) 804 (+2%) 2.27 (-5%)

8_W3 0.79 (-13%) 0.217 (-20%) 0.460 (-28%) 874 (+25%) 987 (+25%) 2.12 (-11%)

8_W4 0.80 (-12%) 0.218 (-20%) 0.460 (-28%) 878 (+25%) 992 (+26%) 2.11 (-11%)

8_W5 0.79 (-13%) 0.220 (-19%) 0.460 (-28%) 878 (+25%) 992 (+26%) 2.09 (-12%)

8_W6 0.79 (-13%) 0.217 (-20%) 0.460 (-28%) 880 (+26%) 992 (+26%) 2.11 (-11%)

8_W7 0.79 (-13%) 0.219 (-20%) 0.460 (-28%)  877 (+25%) 990 (+25%) 2.10 (-12%)

8_W8 0.72 (-21%) 0.220 (-20%) 0.340 (-47%) 801 (+14%) 907 (+15%) 1.54 (-35%)

8_W9 0.86 (-6%) 0.185 (-32%) 0.407 (-36%) 705 (+0.6%) 799 (+1%) 2.19 (-8%)

8_W10 0.79 (-13%) 0.217 (-20%) 0.460 (-28%) 881 (+26%) 993 (+26%) 2.12 (-11%)

8_W11 0.75 (-18%) 0.200 (-26%) 0.400 (-37%) 842 (+20%) 956 (+21%) 2.00 (-16%)

8_W12 0.84 (-8%) 0.207 (-23%) 0.380 (-41%) 781 (+11%) 910 (+15%) 1.83 (-23%)

8_W13 0.75 (-18%) 0.190 (-30%) 0.340 (-47%) 759 (+8%) 833 (+6%) 1.79 (-25%)

8_W14 0.79 (-13%) 0.218 (-20%) 0.460 (-28%) 874 (+25%) 989 (+25%) 2.10 (-12%)

8_W15 0.79 (-13%) 0.217 (-20%) 0.460 (-28%) 878 (+25%) 990 (+25%) 2.11 (-11%)

8_W16 0.79 (-13%) 0.217 (-20%) 0.460 (-28%) 879 (+25%) 992 (+26%) 2.11 (-11%)

8_W17 0.79 (-13%) 0.217 (-20%) 0.460 (-28%) 878 (+25%) 992 (+26%) 2.11 (-11%)

In general, the introduction of walls in buildings is benefi-
cial for structures, but nevertheless increases the weight and 
fragility of buildings. That is why finding more ductile and 
resistant solutions using the same materials is important in 
the world of construction.

Placing ordinary infill walls in the 4- and 8-storey frames im-
proves by up to 41% (4_W8) and 26% (8_W10) respectively 
the resistance of the frames without walls.

The cases of frames without walls (4_NW and 8_NW) have 
greater ductility, due to the greater displacement and less 
fragility that the frames have as there are no walls. In these 
cases, the formation of plastic hinges occurs more slowly in 
the primary structural elements (columns and beams) than 
in the cases with walls. The increase in strength and rigidity 
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of the frames is due to the introduction of infill walls, which 
are those that resist the structure, once they collapse, the 
damage is transferred to the structural elements (beams and 
columns), producing failures more fragile. 

The inclusion of infill walls improves the resistant behavior 
of bare frames; however, its ductility is reduced. The loca-
tion of the walls in certain spans could improve up to 41% 
and 26% the strength of bare 4-storey and 8-storey frames 
respectively.

On the other hand, although the placement of walls reduces 
the ductility of the bare frames, their location between the 
spans significantly affects, improving up to 15% and 47% the 
frames with walls of 4 and 8 storey respectively.

Figures 8 and 9 show a relationship of the basal shear and 
ductility in the different analyzed frames of 4 and 8 stories, 
respectively. The dotted line LT shows the mean trend curve 
that relates shear to ductility. In the 8-storey frames, the cas-
es analyzed have more dispersed results around the trend 
line. In both figures, case concentrations are shown around 
similar ductility and basal shear. In the 4-storey frames, a 
concentration of ductility cases is shown around 2.15 and 
basal shear around 950 kN, while in the 8-storey frames a 
concentration of ductility cases is shown around 2.1 and basal 
shear around 1000 kN.

Figure 8. Basal shear‒ductility and trend curve in 4-storey 
buildings.

Figure 9. Basal shear‒ductility and trend curve in 8-storey 
buildings.

6. CONCLUSIONS

This work analysis the structural behavior of frames of 4 
and 8 stories, changing the arrangement of the walls be-
tween the openings that compose it. In this investigation, 
two frames of 4 and 8 heights have been used with a regular 
configuration in elevation, with the same type of rectangular 
beams on all stories high and square columns on all heights, 
varying their dimensions every 3 heights by 10 cm on each 
axis. The connection of beams and columns is rigid. On the 
other hand, the walls used are made of perforated ceramic 
bricks of 23 x 12 x 10 cm3, not being anchored to the main 
structure. The great rigidity infringed by the bricks in the 
walls is solved by including longitudinal reinforcements 
every four rows of these elements, anchored to the longitu-
dinal reinforcement of the columns. The work methodology 
included the realization of NLSA and comparative statistics 
of the different cases analyzed, considering their ductility 
and resistance. The following conclusions can be drawn 
from the results:

•	 The inclusion of infill walls significantly increases the re-
sistance of the frames. The best cases correspond to tho-
se wall locations that do not leave any row or column of 
empty openings.

•	 The initial structural behavior (stiffness and resistance) 
of the capacity curves of the frames is due to the infill 
walls. Once they have failed, the curves descend tending 
to continue the structural behavior of the bare frames.

•	 The most ductile frames analyzed correspond to bare fra-
mes. In the case of infill walls, the most ductile cases co-
rrespond to frames with walls concentrated on the upper 
floors of the same. In addition, the most ductile cases are 
those that lack walls on the central floors of the frames.

•	 The most resistant frames analyzed correspond to those 
that concentrate the infill walls in their outer openings 
(bays). The most resistant cases correspond to the fra-
mes that concentrate the walls on the ground floors in 
the 4-storey frames, while in the 8-storey frames, the lo-
cation of the walls occurs with a balanced distribution of 
the walls on all floors.

•	 The least resistant structural frames are those that con-
centrate the infill walls on the upper floors, leaving some 
floors empty (without walls), especially the floors of the 
lower floors.

•	 All the cases studied in this work refer to exterior fra-
mes, corresponding to the enclosures of the buildings, 
being those that would give a greater resistance to the 
buildings. The interior distributions in this investiga-
tion have not been considered, since a greater number 
of interior partitions would improve the behavior of the 
buildings, significantly increasing the resistance of the 
buildings. In this investigation, the most unfavorable 
building cases have been considered, corresponding to 
open floors (without any interior partition), not consi-
dering the increases in rigidity and resistance exerted by 
them. On the other hand, considering that the best seis-
mic-resistant solutions correspond to constructions with 
greater resistance and ductility, it can be affirmed that 
the best solutions would correspond to frames in which 
each story has a wall. Considering that there are no op-
timal solutions with the highest ductility and resistance 
together, it can be affirmed that the best solutions would 
correspond to the cases that have a good behavior in both 
properties. For this, in section 5 “Discussions”, some cur-
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ves have been established that perfectly determine the 
best solutions, corresponding to the cases closest to the 
maximum of the curves represented (Figures 8 and 9). It 
is concluded that there is no case that significantly im-

proves the others, but that there are several correct so-
lutions. For the 4-height frame, the best solutions would 
be: 1, 2, 3, 4, 5, 6, 7, 15, and 16 and for the 8-height frame: 
2, 3, 5, 6, 7, 10, 11, 15 and 17.
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