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ABSTRACT 

The seismic zone of Peru is at the convergence boundary between the Nazca and South American plates. This interaction, known 
as a subduction zone, is responsible for the major historical earthquakes recorded over the past four centuries, with magnitudes 
reaching up to 8.8 Mw. For this reason, it is crucial to evaluate the seismic performance of essential buildings, such as the 
Peruvian public school “Module 780-Actual,” which features a structural system combining reinforced concrete walls in the 
longitudinal direction and confined masonry in the transverse direction. This study proposes a methodology to assess the seismic 
performance of educational institution No.22459, built in 2010 and located in the Ica region. For this purpose, confined masonry 
walls were idealized using diagonal compression struts, calibrated with concentrated plastic hinges at their mid-length. 
Additionally, distributed plasticity fiber models were employed for columns, while concentrated plasticity models were used for 
beams. The nonlinear static analysis (pushover) was conducted to determine the capacity curve and identify the performance 
point. Pushover analysis results were compared with those obtained through a nonlinear dynamic analysis, which utilized 
representative seismic records from the national territory. Both approaches showed good agreement. In conclusion, the seismic 
performance of the structure in both evaluated directions achieved the “Life Safety” level for a maximum considered earthquake 
with a return period of 2475 years. The proposed methodology may be considered a viable approach for preliminary evaluations 
of seismic performance in regular, low-rise structures incorporating confined masonry, using the pushover analysis as the primary 
tool. 
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RESUMEN 
 
La zona sísmica de Perú se sitúa en el límite de convergencia entre las placas de Nazca y Sudamericana. Este contacto, 
denominado zona de subducción, es responsable de los grandes terremotos históricos registrados en los últimos cuatro siglos, 
con magnitudes de hasta 8.8 Mw. Por esta razón, resulta de vital importancia evaluar el desempeño sísmico de las edificaciones 
esenciales, como el colegio público peruano “modulo 780-actual”, que cuenta con un sistema estructural que combina muros de 
concreto armado en la dirección longitudinal y albañilería confinada en la dirección transversal. Este trabajo propone una 
metodología para evaluar el desempeño sísmico de la institución educativa No.22459, que fue construida en el año 2010 y está 
ubicada en la región de Ica. Para lo cual, se idealizó los muros de albañilería confinada a través de puntales diagonales en 
compresión, previamente calibrados con rótulas concentradas ubicadas en su punto medio. Además, se utilizaron modelos de 
plasticidad distribuida tipo fibra para las columnas y plasticidad concentrada para las vigas. El análisis no lineal estático (pushover) 
permitió determinar la curva de capacidad y localizar el punto de desempeño. Los resultados del análisis pushover se compararon 
con los obtenidos mediante un análisis no lineal dinámico, en la cual se utilizaron registros sísmicos representativos del territorio 
nacional. Ambos enfoques mostraron una buena concordancia. En conclusión, el desempeño sísmico de la estructura, en ambas 
direcciones evaluadas, alcanzo el nivel de “resguardo de vida” para un sismo máximo considerado de 2475 años. La metodología 
propuesta puede considerarse un enfoque viable para evaluaciones preliminares del desempeño sísmico en estructuras regulares 
y de baja altura que incorporen albañilería confinada, utilizando el análisis pushover como herramienta principal.  
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1. INTRODUCTION 
 
Peru is a country with high seismic activity, 

particularly in the central coastal region, where the 
recurrence interval for a similar event to the 1746 
Lima-Callao earthquake of Mw~8.8 is estimated at 
305 ± 40 years [1]. Currently, the confined masonry 
structural system is being used in low-rise buildings, 
particularly in regions characterized by high seismic 
hazard, such as in some Latin American countries [2]. 
An example of this is the typical configuration of 
Peruvian public schools, which combine confined 
masonry and reinforced concrete wall systems. The 
August 15, 2007, earthquake in Peru caused moderate 
to severe structural damage to 1,117 classrooms in the 
education sector, highlighting the vulnerability of 
these buildings [3].  

One of the main challenges in the seismic 
assessment of confined masonry structures is the 
development of an adequate numerical model that 
accurately simulates the nonlinear response and 
predicts the failure mechanism under various seismic 
demands [4]. Since schools are essential buildings 
with a strategic role as potential shelters following an 
earthquake, assessing their seismic performance is 
crucial. Furthermore, the results obtained can be 
subsequently used in broader studies on seismic 
vulnerability and risk. 

The development of nonlinear models for 
masonry walls has garnered significant attention 
from numerous researchers. For example, [5] the 
nonlinear behavior of masonry was represented 
using diagonal struts, while [6] a nonlinear model 
based on an equivalent frame system was employed, 
utilizing link-type elements. Similarly, [7] idealized the 
nonlinear model of the masonry wall using a concrete 
frame-type element, to which a shear hinge was 
assigned at mid-height. 

This article proposes a nonlinear model for a two-
story educational pavilion, featuring a reinforced 
concrete wall structural system in the longitudinal 
direction and confined masonry in the transverse 
direction. This model was computationally calibrated 
in ETABS software, using results from experimental 
tests. 

 
2. BACKGROUND 

 
Numerous researchers have dedicated significant 

efforts to evaluating the seismic performance of 
essential buildings. In this context, Cárdenas et al. [5],  
analyzed a '780-Pre' type school building constructed 
in Peru during the 1990s, characterized by a structural 
system that does not incorporate modern seismic-
resistant design practices. The authors used SAP2000 
software to perform the nonlinear static and dynamic 

(time-history) analyses to study its seismic behavior. 
The results indicated that, in the longitudinal 
direction, the structure fails due to shear forces in the 
columns arising from the interaction with the infill 
masonry, while in the transverse direction 
transversal, the failure occurs due to compression in 
the masonry walls. It was concluded that the 
analyzed building does not ensure an adequate 
performance level under a severe earthquake, 
underscoring the need for structural retrofitting. 

Gonzales et al. [7], in their study of a 60-year-old 
hospital built with artisanal masonry, they highlight 
the need to evaluate essential buildings lacking 
seismic-resistant design. Using a nonlinear model 
calibrated with laboratory tests, they performed 
nonlinear response-history analyses to obtain IDA 
curves. The results indicate that the building 
maintains adequate performance for accelerations 
below 0.35g (NS) and 0.40g (EW) but exceeds the 
code drift limits for accelerations above 0.40g. 

The studies by Hysenlliu & Bilgin [8] and Estêvão 
& Esteves [9], address the seismic performance 
assessment of school buildings, a critical issue in 
earthquake-prone regions. Hysenlliu & Bilgin 
evaluated the seismic performance of an unconfined 
masonry school building in Albania using a nonlinear 
static (pushover) analysis, which allowed them to 
obtain the capacity curve, demonstrating that the 
building did not meet the required performance 
levels and required urgent intervention to prevent 
collapse in the event of a severe earthquake. For its 
part, Estêvão & Esteves developed a computational 
approach to evaluate the seismic vulnerability of the 
“P3” school typology in southern Portugal. Using 
tools such as SAP2000 and SeismoStruct, they 
conducted a nonlinear static analysis, revealing that 
many of the evaluated buildings did not meet seismic 
regulations due to the low shear strength of the 
reinforced concrete columns. Both studies 
emphasize the importance of using nonlinear static 
analyses to classify the seismic safety level of school 
buildings, especially in vulnerable areas, and 
underline the need for interventions to enhance their 
seismic resistance. 

 
3. METHODOLOGY 

 
3.1. DEFINITION OF STRUCTURAL 

PERFORMANCE LEVELS  
 

The performance-based method requires the 
designer to evaluate how a building is likely to behave 
during an earthquake, and its proper application 
helps identify unsafe designs. In addition, this 
approach removes arbitrary constraints and opens up 

https://www.revistas.uni.edu.pe/index.php/tecnia/submission/wizard
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the possibility of developing safer and more cost-
effective structural solutions [10]. 

Structural Performance (SP) establishes levels 
based on potential structural damage, occupant 
safety risks, and the building’s functional capacity 
after a seismic event [11]. 

The SP levels represent specific segments of a 
structure's capacity curve, obtained through a 
nonlinear static (pushover) analysis. 

To segment the capacity curve, the effective yield 
displacement (∆Y) must be determined. This 
corresponds to the point at which up to 50% of the 
inelastic excursions forming the failure mechanism 
have been reached, without the deformation in any 
section exceeding 150% of the yield deformation [11].   
Furthermore, the inelastic displacement (∆p) 
corresponds to the structure’s lateral displacement 
from the effective yield point to collapse. The 
inelastic portion of the capacity curve is subdivided 
into four segments defined by fractions of (∆p), as 
shown in Fig. 1, corresponding to the following levels: 
Fully Operational (SP1), Operational (SP2), Life Safety 
(SP3), Near Collapse (SP4), and Collapse (SP5). 

 

3.2. MATERIAL STRESS-STRAIN CURVES 
 
In nonlinear material modeling, it is crucial to 

accurately define the stress-strain curves, as they 
determine the structural response under extreme 
loads. In this study, specific models for steel and 
concrete were employed, optimizing the 
representation of the inelastic behavior of materials. 

For steel, the model proposed by Park was used, 
as shown in Fig. 2, which considers a bilinear 
representation with strain hardening. This model is 
suitable for nonlinear analyses as it captures stiffness 
and strength degradation under cyclic loading [12]. 

For concrete, the Mander model was adopted, as 
shown in Fig. 3, which accounts for the effect of 
confinement provided by transverse reinforcement. 
This model is widely used to represent the enhanced 

capacity of confined concrete in structural elements 
[12]. 

According to [12], indicates that by selecting the 
“Parametric” option, ETABS, the program used for 
nonlinear analysis, automatically calculates stress-
strain curves based on the material properties 
entered, aligning with structural standards and 
reducing the need for manual definitions. 

 

 
 

 
3.3. NONLINEAR STATIC ANALYSIS 

 
One of the tools for assessing the performance of 

low-rise educational buildings is nonlinear static 
analysis using the pushover method, through which 
lateral loads are monotonically increased on the 
structure until a target displacement is reached [13]. 

To calculate the target displacement, the capacity 
spectrum method can be used, which relies on 
equivalent linearization concepts to define an 
effective vibration period and equivalent viscous 
damping from the capacity curve. The intersection 
between the capacity curve and the capacity 
spectrum defines the target displacement [14].  

In practice, the use of the capacity spectrum 
method for masonry structures has been utilized in 
various research efforts and international standards. 
For instance, the N2 method, a simplified variant of 

 

Fig. 1. Segmentation of the capacity curve [11] 
 

 

Fig. 2. Steel stress-strain curve  
 

 

Fig. 3. Concrete stress-strain curve  
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the capacity spectrum approach proposed by [15], 
has been adopted in Eurocode 8 Part 3 for the seismic 
assessment of existing structures, including masonry 
buildings. This reflects a technical consensus that 
pushover procedures are useful for estimating the 
seismic performance of masonry buildings, provided 
that material-specific parameters are properly 
accounted for [16]. 

Furthermore, a study conducted by [17], 
implemented a performance-based design approach 
for a multi-story confined masonry building using the 
capacity spectrum method to determine the 
performance point. In that study, performance 
objectives were defined, the capacity curve was 
derived through a pushover analysis, and then 
compared against demand spectra developed from 
representative Peruvian earthquake records. The 
results allowed for verification of compliance with 
predefined damage limit states, demonstrating that 
the capacity spectrum method is applicable to 
confined masonry structures, as long as their actual 
stiffness, strength, and energy dissipation properties 
are accurately represented. 

 
3.3.1. LIMITATIONS 

 
The capacity spectrum method presents some 

limitations when applied to confined masonry. First, 
its idealization using bilinear curves fails to capture 
stiffness and progressive strength degradation due 
to cyclic damage, as well as the characteristic 
hysteretic pinching behavior arising from the 
interaction between the wall and its confinement 
[18], which can underestimate the real demand and 
lead to non‑conservative results [19]. The method is 
suitable only for regular, geometrically simple 
confined masonry buildings; its application to 
complex or irregular structures can produce 
significant errors owing to torsional responses, 
higher‑mode participation, and non‑uniform 
distributions of mass and stiffness, thereby 
compromising the reliability of nonlinear static 
analysis results [20]. Finally, the scarcity of 
experimental research specifically aimed at capturing 
the variability in confined masonry behavior under 
different construction conditions limits the reliable 
validation of the method across a broad range of 
applications [21]. 

 
3.4. IDEALIZED MODEL OF CONFINED 

MASONRY 
 

The Equivalent Truss Model (ETM) represents a 
Confined Masonry Wall (CMW) system through a 
framework of straight bars connected at nodes. In 
this manner, the masonry panels are idealized as 
diagonal compression struts, whose equivalent 
properties are derived from the transformed cross-

sectional area of the CMW.  Furthermore, Reinforced 
Concrete (RC) confinement elements are simulated 
as struts or ties with fixed ends. In Fig. 4, this concept 
of the ETM under lateral load is illustrated. Initially, 
the CMW is subjected only to gravitational loads, 
generating axial precompression in the masonry 
panels and RC columns due to their role as a load-
bearing wall system. As a result, an internal 
precompression force “Pg” develops in the diagonal 
members, see Fig. 4(a). When the lateral force “V” is 
applied, a compressive force “Pv” acts on the loaded 
diagonal member, and a tensile force “-Pv” acts on 
the other diagonal member, as shown in Fig. 4(b). The 
compression in the loaded diagonal member will 
continue to increase as the lateral load “V” increases. 
Simultaneously, the force in the opposing diagonal 
member changes from compression to tension, 
reaching a point at which it becomes ineffective, as 
the masonry is unable to resist tension, see Fig. 4(c) 
[4]. 

A CMW with length “L” and height “h” can be 
represented by an ETM using a single diagonal strut 
in compression, as shown in Fig. 5(b).  In this case, it 
is assumed that cracking in a CMW occurs along the 
compression diagonal when the lateral load is 
insufficient to induce an internal tension that 
compensates for the precompression effect caused 
by the gravitational load [4]. 

 
 

 

 

Fig. 4. Equivalent Truss Model: (a) A confined masonry wall (CMW) 
subjected to uniform gravity loading causing only axial 
compression forces Pg in the truss. (b) A CMW subjected to gravity 
loading and low lateral force V, hence Pg > Pv. (c) A CMW subjected 
to uniform gravity loading and sufficiently high lateral force V, such 
that Pg ≤ Pv [4]. 
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According to Rankawat et al. [4], the diagonal 

struts must be capable of simulating the shear and 
flexural stiffness properties of the masonry panels. 
Therefore, the initial lateral stiffness “KL” of the 
masonry wall can be calculated using the following 
formula: 

 
Where “hw” is the wall height, “Em” and “Gm” 

represent the masonry modulus of elasticity and 
shear modulus, respectively. Likewise, “Iw” is the 
moment of inertia of the wall using the transformed 
section, “β” is a coefficient that depends on the 
boundary condition, and “Av” is the wall’s shear area. 
The effective width of the diagonal strut “We”, which 
simulates the behavior of a masonry wall with lateral 
stiffness “KL,” can be determined using the following 
formula: 

 
Where “L” and “t” represent the wall’s length and 

thickness, respectively, and “ls” is the diagonal strut 
length. 

3.5. NONLINEAR MODEL FOR MASONRY 
 

3.5.1. LABORATORY TESTS 
In the research of Coral [22], tests were carried 

out on three full-scale confined masonry walls, 
constructed with industrial King Kong type bricks.  
These walls, whose dimensions are presented in Fig. 
6, were subjected to cyclic lateral loads up to the 
point of failure. The test results are shown in Fig. 7. 

 

 

 
 

3.5.2. DISTORTION LIMIT VALUES 
 

To determine the limit drift values, the relevant 
code principles were reviewed [23]. According to this, 
the linear response limit is set at 1/800, while the 
maximum drift allowing for masonry repairs is 1/200. 
If this value is exceeded, the structure is considered 
not repairable. Given that the Standard [23], It only 
provides information on the drift up to which the 
masonry can be repaired. Tests were consulted to 
identify the ultimate drift that confined masonry can 
reach, finding a value of 1/115, as noted by [24]. 

 
3.5.3. FORMULATION FOR ESTIMATING 

LIMIT STATES 
 

According to the study conducted by [2], the 
lateral strength of confined masonry walls depends 
on various parameters related to material properties, 
geometric characteristics, and loading conditions. In 
his research, the author proposed a relationship to 
estimate the trilinear lateral load–deformation curve 
for this type of wall, as shown in Fig. 8. In the present 
study, the trilinear curve proposed by [2] is adopted 
as a reference model; however, adjustments are 
made to the lateral load parameters in order to 
calibrate the numerical results with respect to the 
experimental test conducted by Coral [22]. To achieve 
this calibration, the equivalent diagonal strut model 
with a trilinear force–deformation constitutive law 
was employed. The calibration process involved 
manual and iterative adjustment of the parameters 
defining the trilinear curve until the numerical 
response closely matched the experimental results 
reported by Coral [22]. This procedure enabled an 
adequate representation of the nonlinear behavior of 
the masonry wall, including the initial stiffness 
(represented by the slope from the origin to point A), 
the maximum lateral strength reached at point B, and 
the progressive strength degradation in the post-
peak branch between points B and C, as shown in Fig. 
9. The calibration also considered the type of 
masonry unit, the mechanical properties, and the 

 
Fig. 5. Equivalent truss model (ETM) for a CM wall: a) actual CM 

wall. b) single-strut model [4] 
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Fig. 6. Elevation and profile view of the tested wall [22] 
 

 

Fig. 7. Trilinear curve divided according to the damage state 
limits from the experimental test [22] 
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geometric dimensions of the tested specimen, 
resulting in a consistent match between the 
numerical model and the available experimental data. 

The shear strength value of the masonry wall “Vm” 
is obtained from [23]. 

 
where: “v'm” is the characteristic shear strength 

of the masonry, “α” is the shear strength reduction 
factor due to slenderness effects, “t” is the effective 
wall thickness, “L” is the total length of the wall, and 
“Pg” is the service gravitational load. 

3.5.4. AXIAL FORCE – DEFORMATION 
RELATIONSHIP 

Equilibrium is used to relate the lateral force to 
the axial force (see Fig. 10), with the aim of 
transforming a force–displacement model, as shown 
by the test results of [22] into an axial force–
deformation model. For this purpose, the following 
equation is employed: 

 
where: “P” denotes the axial force, “V” the lateral 

force, and “θ” the inclination angle of the diagonal 
strut. 

 
3.5.5. CALIBRATION OF THE NONLINEAR 

MODEL 
 
The idealization of the nonlinear mathematical 

model of the masonry wall was carried out using a 
rectangular concrete frame element, whose 
dimensions and linear properties were obtained from 
[22].  An axial hinge “P” was assigned to this element 
at its mid-length, where the force and displacement 
parameters obtained by transforming the shear–
displacement model into an axial–deformation model 
were defined. Furthermore, a rigid zone factor of one 
was included in the upper beam. The Fig. 11(a) and 
11(b) illustrates both the schematic of the tested 
masonry wall and the equivalent truss model 
proposed in this study. Finally, Fig. 12 presents a 
comparison between the trilinear capacity curve 
obtained from the laboratory test and that of the 
equivalent model, demonstrating an appropriate 
similarity. 

 
 
 
 
 
 
 

𝑉𝑚 = 0.5 𝑣′𝑚 𝛼 𝑡 𝐿 + 0.23𝑃𝑔 ............ (3) 

 

𝑃 =
𝑉

cos 𝜃
 ............................................ (4) 

 

 

 

Fig. 10. Relationship between lateral force “V” and axial 
force “P” 

 

 
Fig. 11. Modeling of the confined masonry wall and its equivalent 
nonlinear truss model: (a) Schematic of the tested confined 
masonry wall with its geometric dimensions [22]. (b) Equivalent 
nonlinear truss model used in the analysis, including an axial hinge 
"P". 

 

Fig. 8. Recommended idealized tri-linear lateral load – 
deformation curve for confined masonry walls [2] 

 

 

Fig. 9. Calibrated trilinear lateral load–deformation curve for 
confined masonry walls 
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3.6. DYNAMIC NONLINEAR ANALYSIS 

 
Nonlinear dynamic analysis allows for a more 

accurate calculation of the structural response to 
earthquakes, by including the inelastic behavior of 
the elements under cyclic ground motions. Unlike 
nonlinear static analysis, dynamic analysis explicitly 
represents hysteretic energy dissipation in the 
inelastic range, thereby reducing the number of 
required assumptions. However, the accuracy 
depends on the quality of the model and its ability to 
capture the significant effects of the structural 
behavior [14].  

For time-history dynamic analysis, at least three 
acceleration records must be used, each containing 
the ground acceleration history in two perpendicular 
directions. Besides, the average square root of the 
sum of the squares (SRSS) of all records must be 
equal to or greater than the code’s elastic spectrum 
(R=1) in the range of 0.2 to 1.5 times the building’s 
fundamental period. In the case of using three to six 
records, the structural demand is taken as the 
maximum recorded value of the peak responses, 
whereas for seven or more records, the average of 
these responses can be utilized [25]. 

Following the recommendations of [25], three 
pairs of seismic records were selected, prioritizing 
recording stations located on soils like type S3, since 
the educational institution is situated on this type of 
soil. Table I presents the selected seismic records, 
their corresponding stations, and the peak 
acceleration values for each component. These 
records were subsequently spectrally adjusted to 
ensure compatibility with the site's elastic spectrum. 

Hysteresis is the process of energy dissipation 
through inelastic deformation. To describe this 
behavior in different materials, various hysteresis 
models are employed. In the present study, the 
Takeda model, widely accepted for representing the 
cyclic behavior of reinforced concrete elements [26].  

Although originally developed based on tests of 
reinforced concrete elements, the Takeda model has 
been used for modeling confined masonry walls due 
to certain similarities in their behavior. Both systems 
exhibit cracking that leads to a progressive reduction 
in stiffness, and can develop a certain degree of 

ductility before strength degradation occurs. Some 
studies have adopted this model to simulate the 
behavior of confined masonry walls in nonlinear 
dynamic analyses. For instance, in the study by [27], 
the author employs a Takeda-type hysteresis curve to 
reproduce stiffness and strength degradation under 
cyclic loading. This strategy can capture the 
progressive stiffness degradation in each cycle as the 
wall cracks, as well as the reduction in strength in 
subsequent cycles, through the calibration of the 
monotonic envelope curve based on experimental 
tests [28] .  

Practical justification for this approach lies in the 
absence of specific hysteretic models for confined 
masonry in commercial structural analysis platforms. 
As a result, the Takeda model is adopted as an 
operational alternative due to certain qualitative 
similarities in cyclic behavior [28]. However, this 
extrapolation involves important limitations. The 
model was originally developed for reinforced 
concrete elements, and its application to confined 
masonry walls lacks direct and specific experimental 
validation. To date, there is no sufficiently broad and 
systematized experimental database confirming that 
this model accurately captures the mechanisms of 
stiffness and strength degradation typical of 
confined masonry under cyclic loading. Although 
some studies have employed the Takeda model for 
this purpose, its use is primarily based on 
convenience or calibration criteria, rather than on 
rigorous empirical validation. In the present study, it 
was not possible to access detailed and 
representative experimental data that would allow 
for a more robust calibration. Therefore, the use of 
this model should be understood as a preliminary 
approximation, subject to inherent uncertainties, and 
whose accuracy could be improved with future 
experimental evidence. 

 
3.6.1. LIMITATIONS 

The use of the Takeda hysteresis model without 
proper calibration can lead to significant inaccuracies 
in estimating the seismic response of confined 
masonry structures. First, ductility may be 
overestimated, as masonry exhibits lower 
deformation capacity and more pronounced strength 
degradation compared to reinforced concrete [29]. 
Similarly, the effective stiffness may be inaccurately 
predicted, since masonry experiences a faster 
reduction in stiffness during the initial loading cycles 
[28]. In addition, the model may underestimate 
cumulative damage by failing to adequately 
represent the cyclic degradation characteristic of this 
material [30]. Therefore, careful model calibration 
and the inclusion of experimental validations are 
recommended to ensure more realistic results [28]. 
Finally, Table II presents the mechanical properties of 
the materials employed in the equivalent model.   

 

Fig. 12. Calibration of the equivalent truss model 
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4. CASE STUDY DESCRIPTION 

 
This study evaluated Pavilion 02-R of Educational 

Institution No. 22459, Julio C. Tello. This two-story 
building has a floor area of 31.20 m × 9.75 m and 
consists of four classrooms on each level, as shown in 
Fig. 13. The structure consists of a system of 
reinforced concrete walls in the longitudinal direction 
and a confined masonry system in the transverse 
direction, constructed using industrial King Kong-
type bricks. The institution is located in the district of 
Pisco, in the department of Ica, a high-seismicity area 
according to [25]. It should be noted that the pavilion 
was constructed in 2010, following the 2007 
earthquake, whose epicenter was located 40 km 
west of the city of Pisco in Peru. The dimensions and 
detailing of the steel for the different structural 
elements are presented in Fig. 14. 

 

 
 

 

 
4.1. CALIBRATION OF THE LINEAR MODEL 

 
Based on the equations described in Section 3.4, 

the effective width of the diagonal strut was 
determined to be We = 3.43 m. To validate the 
equivalent truss linear model, it is necessary to 
perform a calibration by comparing it with a model 
that represents the masonry using shell thin 
elements, see Fig. 15(a) and 15(b). The comparison 
considers the periods, mass, and lateral 
displacements under an applied lateral load, with the 
purpose of adequately capturing the axial stiffness of 
the walls (see Table III).  In traditional designs, 
confined masonry walls are modeled using shell thin-
type elements, and the incorporation of diagonal 
struts through frame-type elements in the equivalent 
truss model aims to preserve this axial stiffness. 
Therefore, variations were introduced in the stiffness 
modification factors of the frame-type elements, 
increasing on average the axial stiffness by 35% and 
reducing weight and mass by 25%. 

 

 
 
 
 
 

TABLE I 
Selected stations 

Seismic 
Record 

Name of 
Station 

Station 
Location 

PGA  
E-W 

(cm/s²) 

PGA  
N-S 

[cm/s²] 

Pisco 
15/08/ 
2007 

UNICA 

San Luis 
Gonzaga 
National 

University, Ica 

-272.82 333.66 

Atico 
17/07/ 
2017 

SCARQ 
SENCICO, 
Arequipa 

-41.59 -43.86 

Atacama 
18/07/ 
2024 

SCTAC 
SENCICO, 

Tacna 
5.80 6.82 

 

TABLE II 
Mechanical properties 

Material 

Expected 
compressive 

strength 
(kg/cm²) 

Modulus of 
Elasticity 
(kg/cm²) 

Hysteretic 
Model 

Concrete 
Column 

f’c=273 2.478 x 10⁵ Takeda 

Concrete 
Beam 

f’c=273 2.478 x 10⁵ Takeda 

Masonry f’m=65 3.25 x 10⁴ Takeda 

Reinforcing 
Steel 

- 2.039 x 10⁶ Kinematic 

 

 

Fig. 13. Plan view of the structure model in ETABS  
 

 

Fig. 14. Detailing of structural elements 
 

TABLE III 
Calibration of linear model of masonry walls 

Comparison 
parameters 

Modeling 
Shell-Thin 

Modeling 
Frame 

Sim. 
(%) 

Period 
Mode 1 
Mode 2 

0.172 s 
0.083 s 

0.172 s 
0.083 s 

100 % 
100 % 

Story 
weight 

Story 2 
Story 1 

185.35 t 
335.45 t 

185.15 t 
335.25 t 

99,9 % 
99,9 % 

Lateral 
disp. 

Story 2 
Story 1 

0.747 mm 
0.408 mm 

0.748 mm 
0.408 mm 

99,9 % 
100 % 
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4.2. PLASTICITY MODELS 

The plasticity model employed for confined 
masonry corresponds to a concentrated axial hinge 
"P". The force and displacement values associated 
with this model were calculated following the 
guidelines outlined in Sections 3.4 and 3.5. The hinge 
is located at the mid-length of the diagonal struts, and 
its values vary according to the axial load “Pg” acting 
on each confined masonry wall. On the other hand, 
the plasticity model adopted for the columns 
corresponds to a distributed fiber section type, which 
distributes plasticity through numerical integrations 
performed across the cross sections and along the 
length of the member [14]. Fig. 16 shows the fibers for 
hinge of the “C-2” column. 

 

 
 
 
 

The selected plasticity model for the beams is the 
concentrated hinge type, where plasticity is 
concentrated in zero-length hinges using parameters 
based on moment-rotation models. These elements 
feature relatively compact and numerically efficient 
formulations [14]. Fig. 17 shows the plastic hinge 
properties of the “V-5” beam.  

 

 
 
4.3. PROPERTIES OF PLASTIC HINGES IN 

DIAGONAL STRUTS 
 
In the diagonal struts, a plastic hinge is assigned 

at the midpoint of their length. The properties of this 
hinge are determined based on the axial load 
obtained from the linear analysis, which varies 
depending on the level at which the wall is located.  

The following describes the calculation of the 
properties of a plastic hinge corresponding to a 
diagonal strut representing a confined masonry wall 
located on the exterior of the structure: 

 
4.3.1. GENERAL DATA 

 
The dimensions and mechanical properties of the 

materials shown in Table IV were taken from the 
project of Educational Institution No.22459, which 
comply with the guidelines specified in [23]. 

 
 

 

Fig. 15. Modeling of confined masonry walls: (a) Using shell thin-
type elements. (b) Using frame-type elements. 

 

 

Fig. 16. Fibers for hinge of the “C-2” column 
 

 

Fig. 17. Hinge properties of the “V-5” beam 
 

TABLE IV 
Confined masonry wall parameters 

Parameters Description Values 

Mechanical 
properties 

Shear strength (v’m) 8.1 kg/cm² 

Compressive strength (f’m) 65 kg/cm² 

Modulus of elasticity (Em) 32500 kg/cm² 
Shear Modulus (Gm) 13000 kg/cm² 

Wall 
dimensions 

Wall length (L) 7.65 m 

Wall height (h) 3.35 m 

Wall thickness (e) 0.23 m 

Angle of inclination (θ) 41.21° 

Other 
parameters 

Axial load (Pg) 24.70 t 

Slenderness factor (α) 1 
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4.3.2. SHEAR STRENGTH OF THE WALL 
 
The shear strength of the wall (Vm) is calculated 

using the equation (3) established in Section 3.5.3. 

 
 

4.3.3.  LIMIT STATES OF LATERAL FORCE 
 

Due to the inherent variations in masonry across 
different countries, determined by material 
properties, joint element details, and construction 
practices, it is necessary to adjust the relationship of 
the trilinear lateral load–deformation curve. Section 
3.5.3. presented a proposal supported by tests 
conducted in Peru was presented, modifying the 
original curve introduced in the study by [2]. 

 
 

4.3.4. RELATIONSHIP BETWEEN SHEAR 
FORCE “V” AXIAL LOAD “P” 

 
Applying the relationship presented in Section 

3.5.4. and considering that the axial load is distributed 
between two diagonal struts, it is divided by two. 
Based on this, the following values are obtained: 

 
The results are expressed in terms of the cracking 

force, Pcr, yielding the following values: 

 
4.3.5. RELATIONSHIP BETWEEN DRIFTS “δ” 

AND DEFORMATIONS “D” 
 

The drifts defined in Section 3.5.2. will serve as the 
basis for estimating the deformations associated 
with each damage state. 

 
4.3.6. ACCEPTANCE CRITERIA 

 
Fig. 7 presents the experimental results of [22], 

where acceptance criteria are established based on a 
percentage of the drift. This relationship is then 
applied to determine the performance levels as a 
function of displacement. 

 
4.3.7. PROPERTIES OF THE PLASTIC HINGE 

IN ETABS SOFTWARE 
 

The properties calculated in Sections 4.3.1 to 4.3.6 
are incorporated into the ETABS software, as 
illustrated in Fig. 18. This procedure allows the 
nonlinear behavior to be represented through 
concentrated hinges located at the mid-length of the 
diagonal struts. Finally, Fig. 19 shows plastic hinge 
placement in the global structure. 

 

 
 

𝑉𝑚 = 76.94 𝑡 ...................................... (5) 

 

𝑉𝑚𝑎𝑥 = 1.20𝑉𝑚 = 92.32 𝑡 ................(6) 

𝑉𝑢 = 0.85𝑉𝑚𝑎𝑥 = 78.48 𝑡 ................. (7) 

𝑉𝑐𝑟 = 0.65𝑉𝑚𝑎𝑥 = 60.01 𝑡 ................(8) 

 

 

 

𝑃𝑐𝑟 =
𝑉𝑐𝑟

2 cos 𝜃
= 39.88 𝑡 .................... (9) 

𝑃𝑚𝑎𝑥 =
𝑉𝑚𝑎𝑥

2 cos 𝜃
= 61.37 𝑡 ............... (10) 

𝑃𝑢 =
𝑉𝑢

2 cos 𝜃
= 52.16 𝑡 .................... (11) 

 

 

 

𝑃𝑚𝑎𝑥

𝑃𝑐𝑟
= 1.538................................. (12) 

𝑃𝑢

𝑃𝑐𝑟
= 1.308 ................................... (13) 

 

 

 

𝛿𝑐𝑟 =
1

800
  ......................................... (14) 

𝛿𝑚𝑎𝑥 =
1

200
  .......................................(15) 

𝛿𝑢 =
1

115
  .......................................... (16)  

 𝐷𝑐𝑟 = 𝛿𝑐𝑟ℎ cos 𝜃 = 3.15 𝑚𝑚  ......................... (17) 

 𝐷𝑚𝑎𝑥 = 𝛿𝑚𝑎𝑥ℎ cos 𝜃 = 12.601 𝑚𝑚 .............. (18) 

𝐷𝑢 = 𝛿𝑢ℎ cos 𝜃 = 21.914 𝑚𝑚 ....................... (19) 

 

 

 

𝑆𝑃1 =
0.09

100
cos 𝜃 ℎ = 2.268 𝑚𝑚 .................... (20) 

𝑆𝑃3 =
0.54

100
cos 𝜃 ℎ = 13.609 𝑚𝑚 ................. (21) 

𝑆𝑃4 =
0.70

100
cos 𝜃 ℎ = 17.641 𝑚𝑚 ................. (22) 

 

 

 

 

 

Fig. 18. Plastic hinge properties: exterior masonry wall 
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5. RESULTS 

 
5.1. SEGMENTED CAPACITY CURVE 

 
Before an earthquake, structures are subjected 

only to gravitational loads, followed by seismic 
actions. Therefore, a “Gravity Load” case must be 
defined in ETABS, including 100% dead load, 50% live 
load on typical floors, and 25% live load on the roof, as 
specified in [31]. A control point should also be 
selected near the center of mass at the roof level; in 
this case, point No. 4 was chosen, located at the 
intersection of gridlines 3 and E. 

To determine the bilinear curve used to segment 
the capacity curve into different seismic performance 
levels, the coefficient method was employed, as 
shown in Fig. 20 and 21. This method is based on the 
energy equivalence principle, which states that the 
area under the idealized bilinear curve must be 
equivalent to the area under the actual curve 
obtained from nonlinear static analysis. In this way, 
the simplified curve preserves the energy dissipation 
capacity of the structural system, accurately 
representing its inelastic behavior without the need 
for excessively detailed or complex modeling. This 
approach is particularly useful in performance-based 
evaluations, where balancing analytical accuracy and 
computational efficiency is essential [32]. The 
capacity curve was segmented based on the model 
proposed by SEAOC, using the inelastic displacement 
of the structure (Δp) as the defining parameter, as 
shown in Fig. 24 and 25. 

 
 

 
 
 

 
 
5.2. PERFOMANCE POINT 

The performance point was determined using the 
Capacity Spectrum Method, as shown in Fig. 22 and 
23. In the X direction, the parameters used were: 
spectral acceleration (Sa) of 1.059 g, spectral 
displacement (Sd) of 7.09 cm, and effective damping 
(βeff) of 0.2049. In the Y direction, Sa and Sd values 
of 1.06 g and 1.09 cm, respectively, were employed, 
with a βₑff of 0.2047. Regarding the damping ratio 
adopted for the construction of the response 
spectrum, a value of 5% was considered, in 
accordance with the Peruvian technical standard 
E.030. However, this standard is general in nature and 
does not specify the type of material to which this 
value applies [25].  

The results of the performance point by the 
capacity spectrum method which produced 
displacements of 9.02 cm in the X direction and 1.17 
cm in the Y direction, with base shears of 451.97 t and 
540.24 t, respectively. These results, representing the 
structural response to a Maximum Considered 
Earthquake (MCE) associated with a return period of 
2,475 years, correspond to the most severe seismic 
hazard scenario according to reference [31]. 

 

Fig. 19. Placement of plastic hinges in structural elements 
 

 

Fig. 20. Bilinear curve in the X direction 
 

 

Fig. 21. Bilinear curve in the Y direction 
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5.3. ANALYSIS TIME HISTORY 

 
Tables V and VI present the results of the 

nonlinear time-history analysis conducted using the 
seismic records selected for the study. The maximum 
displacement observed is 8.14 cm in the X direction 
and 1.41 cm in the Y direction. Similarly, the maximum 
base shear force shows values of 406.78 t in the X 
direction and 501.21 t in the Y direction. 

The comparison of lateral displacements obtained 
from the nonlinear static and dynamic analyses 
showed good agreement: 90.2% in the X direction and 
82.9% in the Y direction. Similarly, the base shear 
forces showed a similarity of 90.0% in the X direction 
and 92.7% in the Y direction, confirming the 
consistency of both approaches. 

 

 
 

 

Fig. 22. Capacity spectrum method in X direction 
 

 

Fig. 23. Capacity spectrum method in Y direction 
 

 

Fig. 24. Segmented capacity curve in X direction 
 

 

Fig. 25. Segmented capacity curve in Y direction 
 

TABLE V 
Analysis time-history in X direction 

Seismic 
Record 

Displacement 
Max. 

Base Shear 
Max. 

Pisco 
15/08/2007   

Δx=6,49 cm Vx=356.64 t 

Atico 
17/07/2017   

Δx=8.14 cm Vx=406.78 t 

Atacama 
18/07/2024   

Δx=7,62 cm Vx=384.29 t 
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CONCLUSIONS 

 
- In this research work, nonlinear static and 

time- history dynamic analyses were 
performed to determine the seismic 
performance of a two-story public 
educational institution. A computational 
model was proposed in ETABS software to 
simulate the nonlinear behavior of the 
masonry wall, using a diagonal frame-type 
element that incorporates an axial hinge at 
mid-length in the lateral deformation 
direction. This model was calibrated based on 
experimental tests conducted in the 
laboratory, which allowed for the validation 
of its viability as an alternative to represent 
the nonlinear behavior of masonry walls. 

- The seismic performance assessment of 
Public Educational Institution No.22459 
through nonlinear static and dynamic 
analyses, presented significant findings that 
contribute to a global understanding of the 
behavior of buildings made up of confined 
masonry and reinforced concrete wall 
structural systems. In both directions, the 
most unfavorable scenario was evaluated, 
achieving the performance level 
corresponding to life safety for a maximum 
considered earthquake with a return period 
of 2475 years. 

- The particularities of masonry in each 
country, stemming from material properties, 
construction details, and employed 
techniques, make it essential to adapt the 
trilinear curve relationship describing lateral 
load–deformation. Furthermore, it is 
essential to calibrate the equivalent truss 
model in the linear analysis by adjusting the 
modification factors that allow varying the 

axial stiffness, weight and mass of the 
diagonal struts representing the masonry 
walls. These adaptations are essential to 
ensure a more accurate analysis according to 
local conditions. 

- The use of the Takeda hysteresis model and 
seismic assessment methods originally 
developed for reinforced concrete in 
structural masonry buildings is viable, but it 
requires experimental justification and 
proper calibration. Otherwise, inaccurate 
results may be obtained, particularly in terms 
of ductility, stiffness, and cumulative damage. 
It is recommended to perform experimental 
validations or apply empirical adjustments to 
improve the accuracy of the structural 
assessment. Furthermore, it is essential to 
understand the limitations and implications 
of these adaptations to ensure a safe and 
efficient design. 
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