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Abstract

Masonry structures are commonly used for building residential buildings throughout the Balkans and worldwide,
in urban and rural areas and areas with seismic risk. For masonry construction in regions with seismic risk,
confined masonry (CM) construction offers an appealing alternative to unreinforced masonry (URM) due to its
better seismic performance. The numerical simulation of CM is often based on the Equivalent Strut Model (ESM).
Such a model provides a very reasonable compromise between accuracy and efficiency and is simple enough for
use in design. The purpose of this paper is to compare the results of an experimental shear compression test on a
modern CM wall with different ESM models. Five ESM models proposed by various authors are compared. The
numerical pushover analyses were performed in the SAP2000 software, and the reference points of the model that
gave the best alignment with experimental results were estimated using regression analyses. The results show that
the simple modelling of CM walls with an equivalent diagonal strut, which carries load only in compression, can
accurately simulate the global seismic response and is suitable for practical applications.

Keywords: Confined masonry, Equivalent strut model (ESM), Numerical modelling, Pushover analysis, SAP2000.

1. Introduction

Masonry structures are traditionally used for low- to mid-rise buildings, particularly in regions
characterised by high seismic hazard. Although unreinforced masonry structures did not perform well
during the past earthquakes in Italy, the Balkans (Croatia, Slovenia, Serbia and Albania), Latin America
(Chile, Peru and Mexico), the Middle East and South Asia, masonry is still one of the most commonly
used building materials in earthquake-prone areas. Field observations after major earthquakes showed
that earthquakes could cause significant damage to structures or even total collapse. Therefore, many
researchers are working to prevent or reduce the consequences of earthquakes with alternative
construction technologies with improved seismic performance.

One such technology is confined masonry, consisting of masonry walls and reinforced concrete (RC)
confining elements. The confining tie-columns and tie-beams fully enclose the walls in vertical and
horizontal directions [1]. These RC ties effectively improve the integrity and stability of masonry walls
to in-plane and out-of-plane earthquake effects [2]. In the past decades, CM buildings have withstood
major earthquakes, such as the 2010 Chile earthquake, which caused substantial damage to URM
masonry and RC buildings without collapse [3]. It should also be noted that properly constructed
confined masonry buildings performed very well and substantially better than URM buildings in the
recent Petrinja, Croatia M 6.4 earthquake [4].

Confined masonry technology presents a viable alternative for unreinforced masonry (URM) and
reinforced concrete (RC) frames with masonry infills because it does not require advanced construction
skills and equipment. The increasing use of confined masonry requires reliable methods for structural
response analysis, not only for the design of new construction but also for evaluating existing buildings
[5].

Most research on CM is based on experimental testing of walls subjected to in-plane lateral loading [6,
7]. In contrast, there appears to be less research on the numerical modelling of CM walls. However, it
is essential both for research and design to supplement and extend experimental results and to derive
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appropriate computational models. Marques et al. [8] discussed several numerical models currently
available for the seismic analysis of CM structures. Confined masonry walls exhibit complex and highly
inelastic behaviour during seismic loading. Therefore, their proper consideration requires sophisticated
computational techniques, which are usually not practical for designers. The finite element method-
based approaches differ in degrees of refinement and accuracy. They can generally be divided into three
groups: detailed micro model, simplified micro model and macro model. An appropriate approach is
chosen depending on the analysis's purpose and the required detail level.

The numerical simulation of CM is often based on a macro-modelling approach, i.e. Equivalent Strut
Model (ESM). This most straightforward type of modelling requires less computational effort and is
suitable for routine design, wherein a compromise between accuracy and efficiency is needed [9]. The
aim of this paper is to compare five nonlinear ESM models proposed by different authors with the
experimentally obtained response of modern CM walls. The experimental tests were in-plane cyclic
shear compression tests.

The following section presents the Equivalent Strut Models used in the analyses, with an additional
theoretical explanation. The experimental investigation of two modern CM walls, as well as the results
of the experiment, are briefly described in section 3. The numerical model was built in the SAP 2000
software [19]. Model calibrations and a comparison between experimental and numerical results are
presented in section 4, followed by conclusions.

2. The Equivalent Strut Models (ESMs)

The Equivalent Strut Model (ESM) is one of the most known macro models, which was first proposed
in the 1960s to model masonry infills in RC frames with diagonal struts. The diagonal strut model arose
from the observation that during horizontal in-plane loading of an RC frame with masonry infill, the
compression field in the masonry infill develops mainly along its diagonal (see Fig. 1b). Several
researchers have later proposed using the ESM to model CM structures [10]. The present work was
guided by the assumption that failure modes in CM walls and RC frames with infills are similar.

In case the ESM model is used in a linear analysis for, e.g. design, the only required parameters are the
modulus of elasticity and the strut dimensions. For nonlinear analysis, on the other hand, the whole
axial force-displacement curve is needed [11]. In the past decades, many researchers [12-16] have
proposed approaches to model the lateral force-displacement relationship. These can represent the
masonry wall's monotonic or cyclic behaviour, both of which are calculated based on the mechanical
and geometrical characteristics explained below.

A multilinear relationship usually describes the constitutive law of an equivalent strut. Various models
[13, 16, 17] have been proposed that take into account multiple failure modes and, based on the expected
failure mode, calculate the lateral strength of the panel. However, other proposed models [12, 14, 15]
seem to be easier to apply because they only require knowledge of the mechanical properties of the
wall, even if they do not predict failure modes. It should be noted that in the proposed models, the initial
stiffness and strength refer to the horizontal direction and have to be transformed to the diagonal (strut)
direction. The models used in this study and corresponding equations to determine the envelope of the
force-displacement curve for the lateral strength F or the strut axial strength N are shown in Table 1.

If the strut axial strength N is determined first, the lateral strength of the wall F is obtained using the
following equation:

F=Ncosg (12)

The model by Panagiotakos and Fardis [12] used a four-linear lateral force-displacement curve that
describes the cracking force, peak strength and residual strength after the failure of the masonry infill,
as shown in Fig. 2a. The maximum lateral strength (Fm in Fig. 2a) is assumed equal to 1.3 times the
cracking strength, while the lateral residual strength (F, in Fig. 2a) is taken as 10% of the peak strength.
The ultimate strength of the wall is a function of the masonry shear strength determined from the
diagonal compression test ter (Eq. (1)).
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Table 1 — Equations for the strut axial strength or lateral strength

Reference Lateral strength F / Strut axial strength N
Panagiotakos and Fardis [12] Frox =13 Tt [€h)
Decanini et al. [13] Ny =(0.67,,, +0.30, )t,d @)
N, =((1.2sin6+0.45¢c050) 7, +0.30, )t,d 3)
1.12sindcosd
TR T “

_1160,,tand

= t d
de Kl + Kzﬂﬁn w (5)
I‘intw ftp 2
Dolsek and Fajfar [14] F = 0.818C—(1+1/C, +1) (©)
|

Teni et al. [15] Frax =137, L,t,, @)
Liberatore et al. [16] N, =((1.2sinp+0.45c0sp)7, +0.30, )td @)
Ny =(0.67,+0.30, )tl, 9)

Ndc 2116tan(pfmﬂh_1 (10)

N, =1.12singpcosgf A, °% (11)

F.... - maximum strength of masonry wall; N, - strength in the diagonal tension failure mode; N, - strength in
the bed-joint sliding failure mode; N, - strength in the corner compression failure mode; N, - strength in the
diagonal compression failure mode; 1,,d, L, 1,6, - geometrical characteristics (see Fig. 1); t,.t,.t— wall
thickness; z,,,7,,. f, - Shear strength evaluated through diagonal compression tests; z, - shear strength of bed
joints; f, - referential tensile strength of masonry; f, o, - compression strength of masonry; o, o, - vertical
stress of the applied load; C, - coefficient of interaction between the wall and the surrounding frame; 4, - non-

dimensional parameter (Eq. (18)); K,, K, - empirical coefficients (see Table 2).
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Figure 1. Equivalent strut model: (a) in-plane geometrical characteristics and (b) equivalent diagonal strut [16].

The most physically sound approach considers all possible failure mechanisms in masonry. Therefore,
it is necessary to calculate the strength associated with each mechanism and then adopt the lowest value,
which is the most likely failure mode that can occur when the wall is loaded. That value is then the
assumed strength of the equivalent diagonal strut. The model by Decanini et al. [13] adopted a four-
branched backbone curve that describes: (a) the linear elastic uncracked phase Hws; (b) the post-cracking
stage until reaching the maximum strength Hm; (C) the descending branch until Hyr and (d) the residual
strength characterised by a horizontal line as shown in Fig. 2b. Decanini et al. [13] consider four
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different possible failure mechanisms shown in Table 1 (Egs. (2) — (5)). The strength values related to
diagonal tension, Ng, and to sliding shear failure, Ns, depend on the masonry shear strength and the
vertical stress acting on the infill. The resistance associated with corner compression, Ncc, and diagonal
compression, Nqc, are a function of the masonry compressive strength.
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Figure 2. The multilinear force-displacement curve of (a) model by Panagiotakos and Fardis [12]; (b) model by
Decanini et al. [13]; (c) model by Dolsek and Fajfar [14]; (d) model by Teni et al. [15] and (e) model by
Liberatore et al. [16].

The envelope of the force-displacement curve adopted in the model of Dolsek and Fajfar [14] is
presented by three branches (see Fig. 2¢). To calculate the maximum strength of the wall Fnax (EQ. (6)),
the expression proposed by Zarni¢ and Gosti¢ [18] was used. The cracking force F. is obtained assuming
the ratio of F¢/Fmax 0f 0.6.

Teni et al. [15] proposed the model shown in Fig. 2d. The behaviour of the diagonal strut is defined
with an envelope of horizontal force and displacement, which is adopted from Panagiotakos and Fardis
[12]. The difference is that the residual strength (Fres in Fig. 2d)) is taken as 30% of Frax.

Finally, Liberatore et al. [16] proposed a model that considers uncertainties in its "backbone" curve.
The proposed force-displacement curve is defined by four characteristic points (Fig. 2e) with different
shear values: 40% of V,, 85% of V,, V, and zero, where V, is the peak load. The corresponding
displacements are dso, dss, dp and dc, respectively. For the estimation of the peak load, V,, Liberatore et
al. [16] consider four failure mechanisms (Egs. (8) — (11)), the same as in the model of Decanini et al.
[13]. The strut axial strength, N, is the minimum value among the different failure mechanisms. In
addition to the mechanical characteristics of the masonry, this advanced model also takes into account
various characteristics, such as the presence of vertical or horizontal holes in the units, the type of test
(monotonic or cyclic), etc.

The axial stiffness of the diagonal strut, Ks, is generally calculated as a function of the strut width, by,
according to the following equation:

K — m-w>w (13)
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where En is Young's modulus, tw is the thickness of the masonry wall, and d is the length of the strut.
The secant stiffness associated with the load capacity of the wall (Ksc in Fig. 2d), determined from the
axial stiffness of the equivalent strut, is given by the following equation:

K. = —E"‘;wa cos? 6 (14)

sec

The equations used to determine the equivalent strut width that the authors used in their models are
shown in Table 2.

Table 2 — Equivalent strut width predictive equations

Reference Equivalent strut width b,,
Panagiotakos and Fardis [12] b, =0.175(4,) " d (15)
Decanini et al. [13] b, = (% " szd f;: j“;é'lj_ o178 (16)
for 3.14< 4, <7.85
K, =0.707,K, =0.01
for A, >7.85
K, =0.47,K, =0.04
Teni et al. [15] b, =0.175(2h,) *d (17)

b,, - the width of the strut; h, - the column height; d - the length of the compressive diagonal; A, — see below

The formula used to calculate the equivalent strut width (Eg. (15)) in the study by Panagiotakos and
Fardis [12] is straightforward. The strut width by, from Eq. (16) is calculated from the non-dimension
parameter A, and two constants, K; and K5, calibrated from experimental tests [13]. To calculate the strut
width by, Teni et al. [15] use a slightly modified formula (15), as shown in Table 2 (Eq. (17)).

The width of the strut is based on the dimensionless parameter A, which takes into account the material
and geometric characteristics of the frame-infill system

E t sin28
= 4—mw> 18
& \ 4E.1h, (18)

Where E. is the elastic modulus of concrete, I is the moment of inertia of columns, hn, is the height of
the masonry panel, and @ is the slope of the strut relative to the horizontal axis.

Teni et al. [15] use the parameter A according to a modified equation that has the following form:

Py E.t,sin260 (19)
4E I:h,

The formulas listed in Table 1 require knowledge of the mechanical and geometric parameters of the
masonry wall. Among others, the parameters needed to determine the maximum lateral strength of the
wall are the compressive strength of masonry, fn, the shear strength evaluated through diagonal
compression tests, wmo, and the shear strength of bed joints, . When parameters tmo and zo are not
available, Liberatore et al. [16] in their study propose the following equations for determining these
parameters:

7,0 =0.285.[f, (MPa) (20)
i érmo ~0.211T_ (MPa) 1)
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3. Experimental cyclic shear test

The seismic response of modern CM walls was tested in a cyclic shear compression test on two samples
(W7 and W8, see Table 3). In the test, the compressive stress state due to the weight above is modelled
by additional vertical forces applied before the lateral load. The seismic load is imposed on the wall in
the form of prescribed displacements, which act cyclically in positive and negative directions (three
times) and with increasing amplitude until collapse. Finally, the boundary conditions in the test were
the so-called fixed-fixed boundary conditions (no rotation at the top with constant vertical force).

Table 3 — Confined masonry walls for cyclic shear tests (dimensions in cm)

Label Side view Ground plan
W7, W8 | - ey
Dimensions S o 1st, 3rd, 5th and 7th
St, ord, an row
Height [cm] 175 o E . |
Length [cm] 175 N \ «{
Thickness [cm] | 38 u &l | ’ | =]
Tie-columns g i B15, 100 375,
yes N 2nd, 4th and 6th row
No. of samples | “’I
Bea bl (nNNNNSE!
’ 3 25 125 25
2 pLas) ,
.38
450

The walls were constructed from modern large chamber blocks (nominal dimensions of the unit are 250
X 249 x 380 mm) with insulation material in the chambers and polyurethane (PU) glue instead of mortar.
They were built on RC foundations for transport and later fixing to the laboratory floor. There was first
a 1-2 cm thick layer of general-purpose mortar on the foundation to provide a level surface for
constructing the wall. Wall above was built using PU glue, which was applied to bed joints in four
strips. The units were laid into the PU glue, and the final thickness of the bed joint was less than 1 mm.
Head joints were unfilled and interlocked with the feather and groove type of contact. Perfect
overlapping of units was used (overlap equal to half the length of the unit). RC bond beams were
constructed on top of the walls to distribute vertical and horizontal loads during testing. The dimensions
of the tested CM walls are shown in Table 3.

3.1 Material properties

Material properties were measured using dedicated tests. Some of the parameters were determined by
calculation. Because the diagonal compression test was not performed in the experimental cyclic shear
tests of CM walls, the shear cracking strength of masonry z.; was calculated as 0.285 times the square
root of compressive strength of masonry fr (see Eq. (20)). The shear strength of bed joints, 7o, was also
calculated using Eq. (21). The reference tensile strength of masonry (fp) can be derived from the
diagonal tension test, which was also not performed in this experiment. Zarni¢ and Gosti¢ [18] predict
that this value is usually in the range between 4 % and 8 % of the compressive strength of the wall. In
this study, it is assumed that this value was 8 % of f;.

All relevant parameters are shown in Table 4.
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Table 4 — Material property values used for concrete, masonry and reinforcement steel.

Concrete Value Source
Elastic modulus of concrete Ec [MPa] 33000 Stzliznggrd
Masonry

Elastic modulus of masonry En, [MPa] 2200 Experiment
Shear strength of masonry tmo [MPa] 0.556 Calculated
Referential tensile strength of masonry fy, [MPa] 0.304 Calculated
Compressive strength of masonry fr, [MPa] 3.8 Experiment
Basic shear strength of bed joints 1o [MPa] 0.411 Calculated
Vertical stress of the applied load oo [MPa] 0.63 Experiment
Reinforcement steel

Elastic modulus of reinforcement steel Es [MPa] 200 000 Experiment
Yield tensile strength f, [MPa] 551 Experiment
Ultimate tensile strength f, [MPa] 658 Experiment

3.2 Experimental results

The comparison between the numerical pushover analysis and experimental tests is performed on the
envelope curves of the response. Fig. 3 shows the envelope curves for both tested walls (W7 and W8)
and the average pushover curve used to compare with the results from the numerical simulations.

280
o~~~
240 AN
’I "‘-u,..
=200 |/ ~<T
= 4 S
y 160 | f N
o " .
‘E ] ~
© 120 'l
]
= ]
8 80 'l
'l Wall - W7
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0 | - === Average envelope curve
0 025 05 075 1 125 15 175 2 2.25
Drift [%]

Figure 3. Experimental envelope curves of the tested confined walls.

4. Numerical simulations

4.1 Description of the numerical model

As mentioned in chapter 2, the Equivalent Strut model was used to model the CM wall. The model
consists of a frame, which can develop plastic hinges at the corners (Fig. 4a) and a diagonal strut to
model the effect of masonry (Fig. 4b). For the frame, interacting P-M2-M3 hinges were used in the tie-
columns, and moment M3 hinges were used for the bond beam. Plastic hinges were defined at relative
distances of 0.05 and 0.95, as seen in Fig. 4a. The strut is modelled using the "link" elements in
SAP2000 [19]. This type of element is used because it can connect two joints (RC ties and wall) and
behaves non-linearly. The link element consists of six springs for each of the six degrees of freedom,
and different linear or nonlinear properties can be assigned to each spring [19].

The nonlinear characteristics of hinges in the frame were calculated based on the characteristics of the
materials taken from experimental tests. Mander's model [20] was used for concrete when defining the
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stress-strain curve, which was automatically defined by the program. A stress-strain curve was specified
for the rebars based on the mechanical characteristics of the steel (see Table 4).

10H1(Hinge B) 10H2(Hinge_B)

11H2(Hinge_C) 12H2(Hinge_C)

L11H1(Hinge_C) 12H1(Hinge_C)

Figure 4. a) Hinge locations in the numerical model [19]; b) Numerical model with diagonal strut [19].

The multilinear plastic "link™ element connects two diagonally opposite corners and has defined only
the properties in the U; direction because the equivalent diagonal strut "works" only in compression.
The force-displacement multilinear curve is the nonlinear property assigned to the "link" element. The
parameters and formulas that define the force-displacement curves and corresponding constitutive
models are shown below.

Fig. 5 shows the final axial force-axial displacement curves for strut proposed by different authors,
which serve as input data in numerical analyses.

700
— Panagiotakos and Fardis (1994)

600 Decanini et al. (2004)
Dol3ek and Fajfar (2008)
Teni et al. (2014}
Liberatore et al. (2018)

500

400

Axial strut force [kN]

0 5 10 15 20 25 30 35 40 45 50
Axial strut displacement [mm]

Figure 5. Final axial force-axial displacement curves for strut proposed by various authors.

4.2 Comparison of the results

The results from the numerical pushover analyses were compared to the envelope curve of the test in
Fig. 6. The Panagiotakos and Fardis (red) model significantly overestimates peak strength (the relative
percentage error e,=148%). Based on the softening branch of the numerical curve, it can be concluded
that these authors' model is more suitable for walls with extremely brittle failure. A similar observation
can be made for the Dolsek and Fajfar model (green curve). However, the overestimation of peak
strength is smaller, at about 82%.
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Figure 6. Comparison of the results between the numerical and experimental curves.

The model by Decanini et al. (orange) similarly overestimates peak strength by about 90% and
underestimates drift at peak strength. The softening stiffness after reaching peak force is much better
estimated, as it aligns with the experiment quite well.

Teni et al. (purple) model significantly overestimates peak strength (153%). However, this model is the
only one that overestimates drift at peak resistance (0.63% in the model and 0.49% in the experiment).
The model predicts a more brittle response than what was observed in the test.

Finally, the model proposed by Liberatore et al. shows a remarkable resemblance between the numerical
model (light blue) and the experimental one (black dashed), as seen in Fig. 6. After the elastic phase,
the numerical model curve's peak is reached around 8.9 mm (drift 0.51%). The experimental one peaked
at 8.6 mm (drift 0.49%). Moreover, the numerical results match the initial stiffness, peak load capacity
and stiffness degradation quite well. Therefore, it can be said that the model proposed by Liberatore et
al. [16] is suitable for confined masonry walls of this type.

Relatively bad alignment of models [12-15] with the experiment indicates they should be calibrated to
give better results.
4.3 Calibration of models and results

This subsection presents the improved numerical curves of calibrated models [12-15]. The results of
the calibrated strut envelopes are shown in Fig. 7.

250
. ——— Panagiotakos and Fardis (1994
Modified g (1954)

Decanini et al. (2004)
Dolsek and Fajfar (2008)
Teni et al. (2014)
Liberatore et al. (2018)

200

150

100

Axial strut force [kN]

NS

4] 5 10 15 20 25 30
Axial strut displacement [mm)]

Figure 7. Modified axial force-axial displacement curves for equivalent diagonal strut.
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Analysis of experimental values from cracking-to-peak strength (Fpea) suggests that such a ratio can be
fixed and equal to 0.6 in the models [12] and [15], while the peak strength of the wall is equal to 0.5 z¢
Aw. The residual strength Fr is calculated as 15% of the peak strength. The secant stiffness Ksec is
corrected by factors of 0.2 and 0.5 for models [12] and [15], respectively. Secant-to-cracking stiffness
Ker and softening stiffness Kgeg are finally presented as a fraction of Ksc. The elastic stiffness was
obtained as 3.0 Ksec and 2.7 Ksc for models [12] and [15], respectively, while the degrading stiffness
for both models was adopted as 0.15 Ksec.

To better match the experimental results with the numerical results, the model of Dolsek and Fajfar [14]
also had to be calibrated. The maximum force Fmax (See Eq. (6)) was corrected by a factor of 0.55. The
cracking force F¢ was calculated assuming a ratio between the cracking force and the maximum force
of 0.35. Secant stiffness Ksec was corrected by a factor of 0.2, while the elastic stiffness K; was obtained
as 2.0 K. It was also concluded that using a modified force-displacement curve for the strut model,
the numerical (green) and experimental curves (black dashed) show good similarity, except that the
numerical model gives an overestimation of peak strength as in models [12] and [15].

In the calibrated model by Decanini et al. [13], the minimum lateral strength Hmi Was considered to be
only 45% of the lateral strength previously calculated via the most probable failure mode of the CM
wall. The linear elastic uncracked strength Her is assumed as 50% of lateral strength, while the residual
strength Hm, takes 35% of Hme. The stiffness of the wall at the stage of complete cracking Kmtc was
corrected by a factor of 0.15, which directly affected the uncracked stiffness Ko. A modification for the
uncracked stiffness Ko is also proposed, considering 60% of the calculated elastic stiffness.

Finally, the calibrated model by Decanini et al. shows slightly better results than the previous models
in terms of overestimating peak strength (about 12%). The model by Liberatore et al. [16] was not
modified because it considered all the uncertainties in its "backbone" curve that the previous four
models did not consider.

As in the previous subchapter, all five numerical pushover curves are shown in Fig. 8, and compared
with the experimental envelope curve.

360 .
= == = = Experimental envelope curve

Modified = Panagiotakos and Fardis (1994)
320 Decanini ¢t al. (2004)
Dolsck and Fajfar (2008)
= Teni et al. (2014)

Liberatore et al. (2018)
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Figure 8. Comparison of the calibrated numerical and experimental curves.

5. Conclusions

Confined masonry (CM) is a construction technology that has the potential for seismically resilient
masonry construction. However, the broader application of this technology for the design of new
construction and evaluation of existing buildings requires improving relevant codes and developing
simple and reliable numerical models for seismic analysis.
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The Equivalent Strut Model (ESM) proposed in this study can be used for nonlinear static analysis of
CM structures as one of the most straightforward macro-modelling approaches. In this approach, the
RC confining elements are modelled as horizontal (beam) and vertical (column) elements, while the
masonry wall is modelled as a diagonal strut.

The numerical analyses were performed in the SAP2000 software using five models of force-
displacement curves for the confined masonry wall proposed by the various authors. Straightforward
use of the models showed significant discrepancies with the experiments, except in the case of
Liberatore et al. model. In the next step, the models were calibrated, and the alignment with the
experiments was much better. The following conclusions have been drawn based on this study:

e Simple modelling with an equivalent diagonal strut, which carries load only in compression,
can simulate the global seismic response of the CM walls and is suitable for practical
applications. Unfortunately, this kind of model does not identify local effects or low ductility
Zones.

e By comparing the experimental results and the results of the numerical pushover analyses, it
was concluded that the strength and stiffness of the wall in the force-displacement curve models
proposed by different authors must be calibrated. The calibrated models showed reasonably
good agreement with the experimental results. The recommended models should be verified by
additional experiments, which will be the subject of future work.

e Good compatibility between the numerical and experimental curves was obtained by the
Decanini et al. model, with a slight overestimation in the peak strength of 12%. On the other
hand, the best alignment with the experimental results was obtained by the force-displacement
curve model proposed by Liberatore et al. with a practically negligible overestimation of the
ultimate strength (less than 5%). The reference points of the model were estimated using
regression analyses in which the presence of holes in the units, the type of test (monotonic or
cyclic), and the type of masonry material were taken into account. None of the remaining four
models makes such considerations.

e The considered modern confined masonry appears to have a very good seismic response and a
large capacity for energy dissipation.
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