"' o 14™ CANADIAN MASONRY SYMPOSIUM *S‘;T.“S:
a ’,‘j:‘,’ MONTREAL, CANADA o _
| moatrcar MaY 16™ — MAy 20™, 2021 ¥ Concordia

SEISMIC BEHAVIOUR AND DESIGN OF CONFINED MASONRY BUILDINGS: A REVIEW
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ABSTRACT

Confined masonry (CM) is a construction system which consists of masonry wall panels enclosed
by vertical and horizontal reinforced concrete confining elements. The presence of these confining
elements distinguishes CM from unreinforced masonry system and makes this technology suitable
for the construction of structures in regions subjected to intense seismic or wind actions. The
technology has been applied in many countries and has been adapted to meet local construction
practices and needs. The purpose of the paper is to review past research studies related to the
behaviour of confined masonry and the main contributions towards the understanding and
characterization of the performance of the CM structures subjected to the effect of axial loading,
bending and shear due to in-plane and out-of-plane lateral loading. The paper analyzes the key
parameters which were considered in past research studies and discusses their influence on seismic
behaviour of CM buildings. Needs for future research related to CM structures are identified.

KEYWORDS: confined masonry, in-plane shear behaviour, in-plane flexural behaviour, out-of-
plane resistance, walls with openings, seismic design

! Research Professor, Institute of Engineering, UNAM, Mexico, email: jperezgavilane@iingen.unam.mx
2Adjunct Professor, Department of Civil Engineering, UBC, Canada, email: sbrzev@mail.ubc.ca

3 Professor, Department of Civil Engineering, PUCP, Peru, email: dquiun@pucp.edu.pe

4 Professor, Department of Civil Engineering, Gonzaga University, USA, email: ganzerli@gonzaga.edu

3 Ph.D. student, UAM, Mexico, email: al2171800189@azc.uam.mx

¢ Section Manager, Architecture & Structural Engineering, Cornell University, USA, email: mtr68@cornell.edu
7 Student, Department of Civil Engineering, Gonzaga University, USA, email:mborseth2@zagmail.gonzaga.edu
8 Student, Department of Civil Engineering, Gonzaga University, USA, email: bolewski@zagmail.gonzaga.edu



INTRODUCTION

Confined masonry (CM) construction technology has evolved over the last 100 years through an
informal process based on its satisfactory performance in the 1908 Messina, Italy earthquake, and
is currently practiced in many regions, including Latin America, Europe, Middle East, and Far
East. CM system consists of loadbearing masonry walls which are constructed first, one floor at a
time, followed by the cast-in-place reinforced concrete (RC) tie-columns. Finally, RC tie-beams
are constructed on top of the walls, simultaneously with the floor/roof slab construction. Horizontal
and vertical RC confining elements (tie-beams and tie-columns) provide confinement to masonry
walls and significantly contribute to their lateral load resistance. There are specific rules regarding
the placement and spacing of RC confining elements in a CM building. For example, RC tie-
columns should be provided at wall intersections, door and window openings, free ends of the
walls, and at intermediate locations in long walls. A review of international seismic design codes
and guidelines for CM buildings is presented in [1]. The evidence from past earthquakes reported
good performance of CM structures which were designed and constructed according to the codes
[2, 3]. Although CM buildings experienced damage in major earthquakes, such as the 2010 Maule,
Chile earthquake (M 8.8), collapse of these buildings is rare and the number of fatalities and overall
losses are small given the earthquake intensity [4]. The authors believe that CM technology
provides a viable alternative to inadequately engineered infilled RC buildings and unreinforced
masonry construction for low- to mid-height buildings in countries and regions with high seismic
hazard.

The purpose of this paper is to review past research studies related to the behaviour of CM
structures subjected to effects of axial loading, flexure and shear due to in-plane and out-of-plane
lateral loading. The paper discusses relevant parameters which were identified in past research
studies and their influence on seismic behaviour of CM buildings. This paper complements
previous review studies on the seismic behavior of CM structures which were focused on European
experience and code development (e.g. [5]) and presents key research evidence from Latin
American countries from the 1960s to date. The paper is focused on engineered CM structures,
which have been designed according to the codes and guidelines, as opposed to non-engineered
CM structures which are constructed without engineering input and are found in many countries.

IN-PLANE SHEAR BEHAVIOUR

The most common lateral load-resisting mechanism for CM walls is diagonal tension shear failure
mechanism, as confirmed by previous experimental studies on CM walls subjected to lateral loads
[6]. This mechanism is characterized by the development of inclined cracks in masonry walls
which propagate into RC tie-columns before the imminent failure [2] (Figure 1). It is important to
note that some codes, e.g. Méxican [7] and Pertivian [8], define the shear strength of CM walls
without horizontal reinforcement as the strength at the onset of diagonal cracking, while the
maximum shear strength (which takes into account reinforcement contribution) is used for walls
with horizontal reinforcement. The diagonal tension shear strength is usually determined as the



sum of several components, including the masonry 7,, the axial stress 7,, and the horizontal
reinforcement z;, as follows

TR =7, +7,+7, (1)

Masonry component
The masonry contribution can be presented as follows

7, =av,f )

Where a is an empirical constant, v, is the diagonal compression strength, and f'is a factor that
takes into account the wall’s height-to-length (H/L) ratio (aspect ratio). The notion that the shear
strength of a wall at the onset of cracking is related to the masonry tensile strength and the applied
axial stress was proposed based on the stress analysis at the centre of a wall [9]. In walls without
axial compression, the shear strength depends only on the masonry tensile strength. The empirical
constant a is determined from experimental studies and is usually in the range from 0.3 to 0.5. The

shear strength v is obtained from diagonal compression tests and is a function of 4/ £, , where f/

is specified compressive strength of masonry.
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Figure 1: Mechanism of shear resistance for a CM wall panel: 1) the onset of diagonal
cracking; 2) diagonal cracks have propagated from the wall into the tie-columns, and 3)
shear failure of the CM wall panel [2]

The effect of wall aspect ratio
The general form of the equation used to determine f factor, which takes into account the effect

of aspect ratio, can be presented as follows

M M
f—(b+C'ﬁJ ﬁ<1 (3)

Where b and ¢ are empirical constants determined from experimental studies and M/VL is the shear
span ratio, in which M is the internal moment at the specific section being analyzed, usually at
the base of the wall, V' is the shear force, and L denotes the wall length.

By analyzing data from the past experimental studies on walls with different aspect ratios (H/L),
Alvarez concluded that the shear strength increased with a decrease in the wall aspect ratio [10].
In an experimental program in which aspect ratio was the main variable [11], the authors arrived



at a similar conclusion for squat walls (H/L < 1), which is in line with the provisions of some
reinforced masonry codes, e.g. [12]. Another study [5] considered numerous test data and
confirmed the effect of aspect ratio on the masonry shear strength, however they considered the
effect of aspect ratio as an independent term. The shear span ratio (M/VL) (instead of the aspect
ratio) can be used to take into account different boundary conditions when M /V is considered as
effective wall height [11].

Shear-moment interaction
The Peruvian code includes a reduction in the shear strength for slender walls due to shear-moment

interaction, based on a numerical study [13]. Other authors have also proposed a similar factor as
a part of the masonry shear strength equation [14], but it is applicable only to slender walls. The
effect of shear span ratio (M/VL > 1) was attributed to shear-moment interaction in reinforced
masonry walls [15]. Pérez Gavilan [16] proposed an expression for reducing the shear strength of
masonry walls based on the hypothesis that first diagonal cracks initiate at a fixed lateral
displacement, irrespective of the type of loading. Pérez Gavilan & Cardel [17] found that the
interaction term may be important for squat walls with aspect ratios in the range from 0.5 to 1.0.

The effect of ductility
Several authors had proposed a reduction in the masonry shear strength for reinforced masonry

walls based on ductility demand [18, 19]. Reinforced masonry walls are usually designed to
achieve desirable flexural failure mechanism, in which a plastic hinge develops at the base of the
wall. Widening of the flexural-shear cracks which occurs after a few loading cycles causes a
decrease in the capacity for shear transfer by aggregate interlock, and consequently the shear
strength reduces. This is acknowledged in the conceptual model for concrete shear strength
proposed by the Applied Technology Council [20]. CM walls are usually not designed to fail in
flexure, due to their low shear capacity when compared to their flexural strength. Although CM
walls may achieve relatively high ductility [21] there are no plastic hinges, hence this concept is
not applicable to CM walls failing in shear. However, Riahi, Elwood & Alcocer [22] found a clear
inverse relationship between the ductility and peak shear strength.

The axial stress component

The effect of applied axial stress on the behaviour of CM walls in elastic stage can be explained
by the theory of elasticity. Once the cracking has been initiated, the axial stress delays the initiation
of diagonal cracks and reduces crack widths by improving the force transfer by friction across the
cracks by means of aggregate interlock mechanism [23, 24]. Increased axial stress level is also
related to a more brittle behaviour. The axial stress contribution can be presented as follows

r,=do, “4)

Where d is an empirical constant in the range from 0.2 to 0.4 and g, is the applied axial stress
acting on the wall. The axial stress component has been found to have a significant effect on the
shear strength of masonry walls [5, 19, 22, 25]. According to the New Zealand code [26] axial



stress is assumed to be transmitted by means of a compression strut with an inclination (angle) a
with regards to the horizontal axis, which depends on the end conditions (cantilever/fixed). The
horizontal component of the strut force (tan a - co) is taken as the shear resistance of the wall due
to the axial stress.

Reinforcement contribution

CM walls may contain horizontal reinforcement, usually in the form of joint reinforcement (JR),
which is embedded in mortar bed joints and anchored into the RC tie-columns. The reinforcement
contribution to the shear strength may be presented as follows

Ty = ephfyh (5)

Where e is an empirical constant, p,, is the horizontal reinforcement ratio, and f,, is the yield

stress. For reinforced masonry walls, c is typically in the range from 0.4 to 0.8 [12, 26, 27]. A few
researchers proposed mechanical models for establishing the contribution of reinforcement to
shear strength [28, 29], however the model is mostly based on the experimental evidence [30-36].
The equations for calculating shear strength due to horizontal reinforcement are based on the
assumption of a single diagonal crack under 45° angle with regards to the horizontal axis [19]. It
is considered that the reinforcement is activated once the crack extends across the wall length [32],
as confirmed by measured strains in reinforcement during the testing [37]. However, in case of a
sliding failure mode JR cannot engage in resisting internal shear forces in a wall. It has been
observed that the reinforcement can still enhance the displacement capacity of the wall [38], but
does not seem to increase the ductility [21]. It was suggested that the contribution of horizontal
reinforcement depends on the masonry compressive strength [30]. The limit for maximum amount
of horizontal reinforcement was established, beyond which no further increase in strength could
be attained [37].

The effect of RC tie-columns

RC tie-columns are important components of CM walls which influence their in-plane shear
strength and displacement capacity. The studies have shown that tie-columns prevent the wall
disintegration and provide additional shear capacity in the post-cracking stage [39-41]. Based on
a statistical analysis of experimental test data it was concluded that tie-column longitudinal
reinforcement has a significant effect on the shear capacity of CM walls [22]. However, a recent
review involving a significant amount of test data concluded that the tie-column longitudinal
reinforcement does not have a significant effect on the shear capacity of CM walls [5].

IN-PLANE FLEXURAL BEHAVIOUR

Flexural behaviour of CM shear walls is characterized by the horizontal cracking at the base of the
wall in the mortar bed joints and a subsequent yielding of the tie-column longitudinal
reinforcement in the tension zone. The failure may occur when either concrete or masonry under
compression reach their ultimate strain limits or when the tie-column reinforcement reaches the
ultimate tensile strain (Figure 2 a). Although flexural behaviour of CM walls has been recognized



by several researchers [25, 42, 43], available experimental evidence related to this subject is rather
scarce. A literature review of experimental studies on CM walls with flexural behaviour indicated
that the masonry compressive strength f, is an important factor which influences the chances for
the occurrence of flexural failure mechanism [5]. Additional important factors include geometric
characteristics, such as the distance between tie-columns, wall aspect ratio (H/L), or shear span
ratio (M/VL). Other aspects include the axial stress level, longitudinal reinforcement ratio, and the
presence of horizontal joint reinforcement in masonry walls. The review of previous experimental
studies on 29 CM wall specimens with flexure-dominant behaviour revealed that the aspect ratio
ranged from 0.95 to 2.3, while the level of axial compression varied from 0 to 0.84 MPa [25, 44-
46].
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Figure 2: Flexural behaviour of CM shear walls: a) damage pattern [45]; b) typical cross-
section; c) strain distribution; d) internal forces and e) equivalent rectangular stress block.

Several design codes follow the approach for estimating the flexural strength of a CM wall from
an equilibrium of internal forces acting on a wall section (Figure 2 b, ¢, and d) [47]. Marques and
Lourenco [5] proposed a different equation for estimating flexural strength Mz, in CM walls, which
is based on the original proposal by Tomazevi¢ [42], which considers uniform compressive stress
in masonry and concrete (equivalent rectangular stress block), as follows (Figure 2 ¢)

My, =A.f,(d—0.4x)+ Ny, (%—0.4)0 (6)

where A; is the longitudinal reinforcement area in a RC tie-column, d is the effective depth, x is
the length of the compression zone, Ngqis the axial load, and L is the wall length. This equation
was proposed for inclusion in the new generation of Eurocode 6 standard for design of masonry
structures.

BEHAVIOUR OF CM WALLS UNDER OUT-OF-PLANE (OOP) LATERAL LOADING

Experimental studies showed that OOP failure of CM walls is associated with the formation of bi-
directional compression strut mechanism and a rotation of the wall segments [52]. The proposed
numerical method builds on a compression strut method for estimating OOP strength of masonry



infills in RC frames, which is based on the arching mechanism [55]. The OOP failure mechanism
depends on the stiffness of RC confining elements: when the stiffness is large, failure of the CM
wall is characterized by masonry crushing (similar to failure mechanism of infilled RC frames),
otherwise a snap-through failure mechanism, characterized by large OOP displacements, may be
expected. The behaviour of CM walls subjected OOP loading depends on several factors, including
the boundary conditions, axial compression level, wall aspect ratio, stiffness of RC confining
elements, and the effect of prior in-plane damage. The most critical parameters are discussed next.

Boundary conditions: CM walls subjected to monotonic OOP loading behave similar to two-way
slabs with different support conditions. CM panels supported on all sides are common in CM
building applications where RC tie-beams are cast integrally with RC floor slabs, while CM panels
supported on three sides simulate the behaviour of CM buildings with flexible floor or roof
diaphragms. Varela-Rivera et al. [48] studied the OOP behaviour of 6 full-size squat CM wall
specimens (aspect ratio of approximately 0.5) which were subjected to increasing monotonic
uniform OOP pressure applied via air bags. Although the cracking pattern was initially different
for specimens supported on 3 and 4 sides, the magnitude of ultimate pressure was very similar
(difference less than 10%). It is important to note that the ultimate pressure was approximately
four times higher than the cracking pressure, which indicates a significant capacity reserve in the
post-cracking stage.

Wall aspect ratio: majority of past experimental studies on CM walls under OOP loading were
focused on squat wall specimens with aspect ratio less than 1.0 [48-50]. An experimental study
was performed on OOP behaviour of CM walls with higher aspect ratios (1.4 and 2.0) and axial
compression levels [51]. It was observed that, as the aspect ratio increased, the OOP strength
increased while the OOP deformation capacity decreased.

The effect of testing method: majority of past experimental studies subjected CM wall specimens
to increasing monotonic OOP pressure applied by means of air bags [48-50]. The failure
mechanism for specimens supported on 4 sides was similar to that characteristic for the two-way
slabs subjected to gravity loading [48]. At the higher loading levels vertical and horizontal
displacements developed in the specimens, and the OOP failure was characterized by a two-way
arching mechanism. As the wall segments rotated, compressive strut stresses in wall segments
increased and eventually reached the masonry compressive strength. The failure was accompanied
by masonry crushing. However, a shaking-table testing study on single-storey CM building models
[52] showed that CM wall specimens subjected to OOP ground excitation developed horizontal
cracks close to the wall to tie-beam interface. It can be concluded that the OOP damage pattern
depends on the testing method.

The effect of combined in-plane and OOP loading: An experimental study was performed on 3
scaled CM wall specimens and an infilled RC frame specimen subjected to combined effect of in-
plane reversed cyclic loading and OOP dynamic loading through shaking table testing [53]. All
CM specimens sustained the maximum in-plane drift of 1.75% and did not experience OOP failure,



while RC frame specimen experienced large OOP displacements and was likely to fail due to
overturning of the infill. On the contrary, CM wall specimens experienced small OOP
displacements, however longitudinal bars in RC tie-columns ultimately fractured due to large in-
plane overturning moments.

THE EFFECT OF SIZE AND LOCATION OF OPENINGS IN CM WALLS

The size and location of openings are critical for both in-plane and out-of-plane seismic resistance
of CM panels. It is believed that the openings decrease lateral resistance of CM walls and weaken
their effectiveness during earthquakes [2, 56]. Shear capacity of a CM wall with openings was
found to be proportional to its net area [5S3]. An analytical study used the Strut-and-Tie Model to
simulate the behaviour of CM panels with openings [57]. Horizontal and vertical RC confining
elements are critical for increasing the lateral strength of CM walls with openings [43, 58]. Placing
confinement on all sides of the opening is by 40% more effective than an alternative provision of
a tie-beam at lintel level [59]. Experimental studies have shown that shear resistance and stiffness
of walls with openings were preserved when openings were located closest to the end of a wall
panel [60]. Design guidelines recommend that larger openings which exceed 10% of the CM panel
area should be enclosed by RC tie-columns, otherwise these panels should not be considered as
lateral load-resisting elements in seismic design [2]. Smaller openings located outside the critical
diagonals can be ignored. Openings should be aligned vertically up the building height.

CONCLUSIONS: FUTURE RESEARCH NEEDS

A review performed in this paper has confirmed substantial research evidence related to seismic
behaviour of CM walls, however the authors have identified the following topics of relevance for
future research studies:

e In-plane shear: more studies are needed on CM specimens constructed using perforated clay
blocks which are widely used in Latin America and Europe; effect of geometry of masonry
units on the shear strength (bricks vs blocks, perforated units); a rational mechanical model to
understand the shear contribution of horizontal reinforcement; an interaction of in-plane shear
and flexure;

e In-plane flexure: more experimental studies are needed to study behaviour of CM walls with
different aspect ratios and axial load levels; the effect of horizontal reinforcement on the
flexural strength also needs to be studied;

¢ Out-of-plane behaviour: more dynamic shaking table studies are needed, with the specimens
constructed using clay bricks and blocks; the effect of stiffness of confining elements needs
to be further studied;

e Walls with openings: more studies on the in-plane and OOP behaviour of walls with
openings, considering different size and location of openings; effect of confining elements
(size and location) needs to be verified, and

e The effect of combined in-plane and OOP loading on seismic behaviour of CM walls need to
be further studied.



REFERENCES

[1] Brzev, S., et al. (2019). “Confined masonry: the current design standards.” Proc., 13" North
American Masonry Conference, Salt Lake City, UT, USA.

[2] Meli, R., et al. (2011). Seismic Design Guide for Low-Rise Confined Masonry Buildings,
Earthquake Engineering Research Institute, Oakland, CA, USA (www.confinedmasonry.org)

[3] Galvis, F. A., et al. (2020). “Overview of collapsed buildings in Mexico City after the 19
September 2017 (Mw7.1) earthquake.” Earthquake Spectra, 36(S2), 83—109.

[4] Astroza, M., etal. (2012). “Seismic performance of engineered masonry buildings in the 2010
Maule earthquake.” Earthquake Spectra, 28(S1), S385-S406.

[5] Marques, R., and Lourenco, P. B. (2019). “Structural behavior and design rules of confined
masonry walls: Review and proposals. ” Construction and Building Materials, 217, 137-55.

[6] Tomazevi¢, M. (2009). “Shear resistance of masonry walls and Eurocode 6: shear versus
tensile strength of masonry.” Materials and Structures, 42, 889-907.

[7] NTC-M (2017). Normas Técnicas Complementarias para Diseiio y Construccion de
Estructuras de Mamposteria (Technical Norms for Design and Construction of Masonry
Structures), Gobierno de la Ciudad de México, México (in Spanish).

[8] NT.E.070 (2006). Reglamento Nacional de Edificaciones, Norma Técnica E.070 Albaiiileria
(National Building Code, Technical Standard E.070 Masonry), SENCICO, Lima, Pera (in
Spanish).

[9] Turnsek, V. and Cacovi¢, F. (1971). “Some experimental results on the strength of brick
masonry walls.” Proc., 2™ International Brick Masonry Conference, British Ceramic Society,
Stoke-on-Trent, UK.

[10] Alvarez, J. J. (1996). “Some topics of the seismic behavior of confined masonry structures.”
Proc., 11" World Conference on Earthquake Engineering, Acapulco, México.

[11] Pérez Gavilan, J. J., Flores, L. E. and Alcocer, S. M. (2015). “An experimental study of
confined masonry walls with varying aspect ratio”. Earthquake Spectra. 31(2), 945-968.

[12] TMS 402/602-16 (2016). Building Code Requirements and Specifications for Masonry
Structures, The Masonry Society, Boulder, CO, USA.

[13] Zeballos, A., San Bartolomé, A. & Muinoz, A. (1996). “Efectos de la esbeltez sobre la
resistencia a fuerza cortante de los muros de albanileria confinada, Analisis por elementos
finitos”, Congreso Nacional de Ingenieria Civil, Trujillo, Peru.

[14] D'Amore, E. and Decanini, L. (1994). “Shear Strength analysis of confined masonry panels
under cyclic loads: comparison between proposed expressions and experimental data.”, Proc.,
9" International Seminar on Earthquake Diagnostics, Costa Rican Earthquake Engineering
Association, San José, Costa Rica.

[15] Seif EIDin, H. M. & Galal, K. (2016). “Effect of shear span to depth ratio on seismic
performance of reinforced masonry shear walls.” Resilient Infrastructure, London, UK.

[16] Pérez Gavilan, J. J. (2020). “The effect of shear-moment interaction on the shear strength of
confined masonry walls.” Construction and Building Materials, 263, 120087.

[17] Pérez Gavilén, J. J. and Cardel J. O. (2016). “Shear-moment interaction in confined masonry
walls: is it worth considering?” The Bridge & Structural Engineer, 45(1), 19-28.

[18] Voon, K. C. and Ingham, J. M. (2007) “Design expression or in-plane shear strength of
reinforced concrete masonry.” Journal of Structural Engineering, 133(5), 706-713.

[19] Anderson, D. L. and Priestley, M. J. N. (1992). “In plane shear strength of masonry walls.”
Proc., 6th Canadian Masonry Symposium, Saskatoon, SK, Canada.



[20] Applied Technology Council (1981). Seismic Design for Highway Bridges, ATC-6, Berkeley,
CA, USA.

[21] Pérez Gavilan, J. J. (2019). “Ductility of confined masonry walls: results from several
experimental campaigns in Mexico.” Proc., 13th North American Masonry Conference, Salt
Lake City, UT, USA.

[22] Riahi, Z., Elwood, K. J. and Alcocer, S. M, (2009), “Backbone model for confined masonry
walls for performance-based seismic design.” Journal of Structural Engineering, 135(6), 644-
654.

[23] Voon, K.C. and Ingham, J.M. (2006). “Experimental in-plane shear strength investigation of
reinforced concrete masonry walls.” Journal of Structural Engineering, 132(3), 400-408.

[24] Seif EIDin, H. M. and Galal, K, (2015). “Influence of axial compressive stress on the in-plane
shear performance of reinforced masonry shear walls.” Proc., 11" Canadian Conference on
Earthquake Engineering, Victoria, BC, Canada.

[25] Meli, R. and Salgado, G. (1969). Comportamiento de Muros de Mamposteria Sujetos a Carga
Lateral (2nd edition), Instituto de Ingenieria, SID 237, Mexico (in Spanish).

[26] NZS 4230 (2004). Design of Reinforced Concrete Masonry Structures, Standards Association
of New Zealand, Wellington, New Zealand.

[27] CSA S304-14 (2014). Design of Masonry Structures, Canadian Standard Association,
Mississauga, ON, Canada.

[28] Wakabayashi, M. and Nakamura, T. (1988). “Reinforcing principle and seismic resistance of
brick masonry walls.” Proc., 8" World Conference on Earthquake Engineering, Vol V, San
Francisco, CA, USA.

[29] Tomazevi¢, M. and Lutman, M. (1988) “Seismic resistance of reinforced masonry walls.”
Proc., 9" World Conference on Earthquake Engineering, Tokyo-Kyoto, Japan.

[30] Matsumura, A. (1988). “Shear strength of reinforced masonry walls.” Proc., 9" World
Conference on Earthquake Engineering, Tokyo-Kyoto, Japan.

[31] Shing, P. B. (1989). “Inelastic behavior of concrete masonry shear walls.” J. Struct. Eng.,
115(9), 2204-2225.

[32] Shing, P. B., Schuller, M. and Hoshere, V. S. (1990) “In-Plane Resistance of Reinforced
Masonry Shear Walls.” Journal of Structural Engineering, 116(3), 619-640.

[33] Hernandez, O. and Meli, R. (1976). Modalidades de Refuerzo para Mejorar el
Comportamiento Sismico de Muros de Mamposteria, Informe de Investigacion, Instituto de
Ingenieria, UNAM, SID382, Mexico (in Spanish).

[34] Sanchez, T. A., et al. (1992). Respuesta Sismica de Muros de Mamposteria Confinada con
Diferentes Tipos de Refuerzo, CENAPRED, México (in Spanish).

[35] Aguilar, G. et al. (1996). “Influence of horizontal reinforcement on the behavior of confined
masonry walls.” Proc., 11" World Conference on Earthquake Engineering, Acapulco,
México.

[36] Alcocer, S., Zepeda, J. and Ojeda, M. (1997). Estudio de la Factibilidad Técnica del Uso de
Tabique VINTEX y MULTEX para Vivienda Economica, Centro Nacional de Prevencion de
Desastres, México (in Spanish).

[37] Cruz O, A. L, Pérez Gavilan, J. J. & Flores C, L. (2019). “Experimental study of in-plane
shear strength of confined concrete masonry walls with joint reinforcement.” Engineering
Structures, 182, 213-226.

[38] Pérez Gavilan, JJ (2020). “Three story CM buildings with joint reinforcement: shaking table
tests”, 17th Brick and Block Masonry Conference, Cracow, Poland.



[39] Meli, R. (1974). “Behavior of masonry walls under lateral loads”, Proc. 5th World Conference
on Earthquake Engineering, Rome. Italy.

[40] Alcocer, S. M. and Meli, R. (1995). “Test program on the seismic behavior of confined
masonry structures”, The Masonry Society Journal, 13 (2), 68-76.

[41] Gauveia, J. P. and Lourengo, P. B. (2007). “Masonry shear strength walls subjected to cyclic
loading: influence of confinement and horizontal reinforcement”, Proc., 10th North American
Masonry Conference, St. Luis, M1, USA.

[42] Tomazevic, M. (1999). Earthquake-Resistant Design of Masonry Buildings, Imperial College
Press, London, UK.

[43] Brzev, S., and Mitra, K. (2018). Earthquake-resistant Confined Masonry Construction, Third
Edition, National Information Center on Earthquake Engineering, Kanpur, India.

[44] Yoshimura, K. et al. (2014) “Experimental Study for Developing Higher Seismic
Performance of Brick Masonry Walls.” Proc., 13" World Conference on Earthquake
Engineering, Vancouver, BC, Canada.

[45] Zabala, F. et al. (2004). “Experimental behavior of masonry structural walls used in
Argentina.” Proc., 13" World Conference on Earthquake Engineering, Vancouver, BC,
Canada.

[46] Varela-Rivera, J. L. et al. (2019). “Flexural behavior of confined masonry walls subjected to
in plane lateral loads.” Earthquake Spectra, 35(1), 405-422.

[47] Asinari, M., Penna, A. and Magenes, G. (2008) “Comparison of existing strength criteria for
confined masonry walls.” Proc., XX Jornadas Argentinas de Ingenieria Estructural, Buenos
Aires, Argentina.

[48] Varela-Rivera, J. L. et al. (2011). “Out-of-plane behaviour of confined masonry walls.”
Engineering Structures, 33(5), 1734-1741.

[49] Varela-Rivera, J. et al. (2012). “Out-of-plane strength of confined masonry walls.” Journal
of Structural Engineering, 138(11), 1331-1341

[50] Varela-Rivera, J. et al. (2012a). “Confined masonry walls subjected to combined axial loads
and out-of-plane uniform pressures.” Canadian Journal of Civil Engineering, 39(4), 439-447.

[51] Varela-Rivera, J. et al. (2021). “Out-of-plane behavior of confined masonry walls with aspect
ratios greater than one.” Canadian Journal of Civil Engineering, https://doi.org/10.1139/cjce-
2019-0453.

[52] Tu, Y.H. et al. (2010). “Out-of-plane shaking table tests on unreinforced masonry panels in
RC frames.” Engineering Structures, 32(12), 3925-3935.

[53] Singhal, V., and Rai, D. C. (2014). “Role of toothing on in-plane and out-of-plane behavior
of confined masonry walls.” J. Struct. Eng., 140(9), 04014053.

[54] Moreno-Herrera, J., Varela-Rivera, J., and Fernandez-Baqueiro, L. (2014). “Bidirectional
strut method: out-of-plane strength of confined masonry walls.” Canadian Journal of Civil
Engineering, 41(12), 1029-1035.

[55] Abrams, D. P., Angel, R., and Uzarski, J. (1996). “Out-of-plane strength of unreinforced
masonry Infill panels.” Earthquake Spectra, 12(4), 825-844.

[56] Yafiez, F. ar al. (2004). “Behavior of confined masonry shear walls with large openings.”
Proc., 13" World Conference on Earthquake Engineering, Vancouver, BC, Canada.

[57] Ghaisas, K. V. et al. (2017). “Strut-and-Tie Model for seismic design of confined masonry
buildings.” Construction and Building Materials, 147, 677-700.



[58] Eshghi, S., and Sarrafi, B. (2014). Effect of Openings on Lateral Stiffness and Strength of
Confined Masonry Walls. International Institute of Earthquake Engineering and Seismology
(IIEES), Tehran, Iran.

[59] Singhal, V., and Rai, D. C. (2018). “Behavior of confined masonry walls with openings under
in-plane and out-of-plane loads.” Earthquake Spectra, 34(2), 817-841.

[60] Kuroki, M. et al. (2012). “Experimental Study on Reinforcing Methods Using Extra RC
Elements for Confined Masonry Walls with Openings.” Proc. 15" World Conference on
Earthquake Engineering, Lisbon, Portugal.



