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Abstract

The present paper addresses the seismic performance of a half-scale two-story dnrefgforced

masonry (URM) building with structural irregularity in plan and in elevation. T objectives
are (i) to understand the seismic response of URM buildings with torsio s, @nd (ii) to
evaluate the reliability of using simplified approaches for irregular masen ings. For this

purpose, nonlinear static analyses are carried out by using three diffékent mpdeling approaches,
based on a continuum model, beam-based and spring-ba *element models. The

performance of each approach was compared based on capacity cu global damage patterns.

Reasonable agreement was found between numerical predistio d experimental observations.

Validation of simplified approaches was generally provi eference to regular structures but,
based on the differences in the base shear capacity fo , it appears that structural irregularities
are important to be taken into account for acqu hygher accuracy on simplified methods when

torsion is present.
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frame model, finite element

&

LISISE, Department of Civil Engineering, University of Minho, Azurém, 4800-058 Guimaries, Portugal
2 Department of Civil and Environmental Engineering, Imperial College of London, SW7 2AZ, London, UK
2 Ph.D student, ® Assistant professor, ¢ Full professor, ¢ Post-doc researcher
* Corresponding author
E-mail: abideasikoglu@hotmail.com




19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55

1. INTRODUCTION

Unreinforced masonry (URM) construction typology is widely used in construction practice and
constitutes a significant portion of the building stock as residential or commercial buildings in both
developed and developing countries [1]. Figure 1 intends to show the proportions of the masonry
buildings in several countries. It can be observed that a vast majority of building stock in Pakistan (93%),
Mexico (76%), Peru (73%) followed by Italy (62%) is composed of URM buildings which can be

categorized as existing and modern buildings. The former typology usually consists of historical

flexible diaphragms weakly connected to the walls [2,3] . On the other hand, the uildings are

characterized by regular brick-masonry configuration with limited wall thickn urt re, design
of the modern URM buildings require rigid floors and strong floor-to-wa I01S to ensure that
the global seismic response is achieved through box-behavior [4]aAlthough it is a sustainable

construction solution owing to its thermal and acoustic efficiency, # ce, durability, and simple

construction technology, globally masonry has been losing m e main reason for this is the

or steel, which have relatively lower seismic vulnegability\comparing to the masonry buildings in

seismic areas. However, masonry construction is nSyvely present in seismic prone zones [5,6].

Past seismic events showed that the seismic f unreinforced masonry structures is high due

to its low tensile strength, low ductility, and lowhenetgy dissipation capacity, particularly in the case of

"

edyostly for vertical loads, also contributes to the high seismic

existing buildings lacking “box-typé jor [7—10]. The lack of seismic design rules for URM

buildings, which have been oftenfgdesig

vulnerability. In this regar ny régeafch studies have been carried out in order to improve masonry
structural systems und ic agtions and develop guidelines and tools for their seismic design [11-
15].

Itisk thagnaAlinear dynamic analysis is the most accurate approach to simulate and assess

the seis esponsejof a structure [16,17]. Nevertheless, its application in engineering practice is
complex'and requires high computational cost, time, and a high level of knowledge for the calibration
of t lic Constitutive laws and the interpretation of the results. Response of structures is highly
dependent on the seismic input used in the dynamic analysis. Furthermore, there is a lack of standardized
verification procedures, in other terms, the evaluation of the seismic response of a building from the
output of dynamic analysis is not straightforward. Yet, linear elastic analysis does not represent the
behavior of the masonry building since the material response is highly non-linear regardless of low level
of loading. Therefore, nonlinear static (pushover) analysis has been often preferred for the seismic
design/assessment of structures [18]. A pushover curve provides fundamental information about the
seismic performance of buildings and is a powerful tool to evaluate the seismic behavior based on

displacement-based strategies. According to the displacement-based design approach, it is needed to
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define seismic performance levels, which are associated with a level of damage exhibited by the
structures and are commonly identified by means of strains or drift limits [19,20]. These are directly
related to deformation, obtained for certain seismic intensity. According to past research, the application
of the displacement-based design to masonry structures is not straightforward, and the same has been
mostly applied on frame systems, such as reinforced concrete and steel buildings [21-24]. Thus, further
investigation is required to adopt pushover analysis in a more systematic strategy for masonry structures
with box behavior, particularly for buildings with structural irregularities to consider torsional effects

imposed by its own configuration under seismic actions [19,25,26]. Such consideratio

because the seismic design and analysis codes are directed to regular structures whose dypaii avior
is governed mostly by translation, and they do not represent the response of the stryagur stems with
irregularities [25].
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Figure RIM b8ildi gs in Global Building Inventory [1]

Within this framework, it i§ iIMportanito define appropriate modeling strategies to perform nonlinear
analysis of URM buil nder Beismic actions. Advanced computational applications regarding the
nonlinear behavior@f MasoMgyare commonly focused on the finite element method (FEM), such as [27—
32], and, alsaf block“haséd models, in which the real masonry arrangement (units and mortar) is
consider 3 . Juch analyses require a high computational effort and are complex and expensive

to be adopied in practical applications. Therefore, more simplified analysis tools for masonry buildings

are r%,
implified numerical approaches, based on macro-elements, have the capability to simulate the
seismic response of the masonry structures with significantly lower computational effort. It is important

to note that “simplified approach” represents the methodology in which a set of assumptions taken
account to describe the geometric configuration and discretize the structural elements in a simplified
way. However, macro-element models are, as well, relatively complex besides allowing users less
computational time. The aim of these simplified approaches is not only to provide an assessment of the
ultimate strength of the structure but also, a sufficient detailed description of its nonlinear behavior by

means of simplified discretization of the structural layout. Thus, they are proposed as an alternative

3
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method for practitioners. Several simplified numerical strategies have been developed for masonry
buildings, both in presence of deformable (existing buildings) or rigid diaphragms (modern buildings)
to be used in general engineering practice and displacement-based design, such as the Discrete Macro
Element Model (DMEM) [41] implemented in the 3DMacro [42] software and the equivalent frame
model [43] implemented in the Tremuri software [44—46]. It is worth to pointing out that an important
prerequisite for apply these simplified approaches is the presence of floor actions due to the presence of
diaphragms, although deformable. In absence of diaphragm, different approaches, able to simulate the
out-of-plane failure of masonry walls, should be employed.

Recent studies have shown that these simplified numerical approaches simul he $gismic

response of buildings with reasonable accuracy. It is noticed that there is a growing Wgferest in the

scientific community in comparing different numerical approaches [47—-49]. ue Lourengo
e SAM model
proposed by Magenes and Della Fontana (1998) [51] and the DME alternative practical and
(2017) [52] improved the

te thg combined in-plane and out-of-

(2011) [50] compared different macro-element models, namely the equf

reliable structural analysis tool for two-story masonry buildings. P

3D macro software developed by Calio et al. (2012) [41] to si
plane behavior of masonry walls. Chacara et al. (2018) [5 study aiming at the simulation
of dynamic shaking table tests on a U-shaped masonry, wall By means of the macro-element modeling.
Bondarabadi (2018) [54] used the equivalent fragne elYrmplemented in Tremuri software [43] to
validate the seismic behavior of two mas S s tested on a shaking table by performing
nonlinear dynamic analysis.

Aiming at assessing the perfo

% of different modelling strategies for the nonlinear analysis
of irregular masonry building plan and elevation, the present paper presents the calibration of
different numerical model el ntinuum model and two different simplified approaches (the

DMEM and the equiv amefpodel), based on the results obtained in dynamic tests on the shaking

table of a half-sc
obtained by th

o-Storey asymmetric URM building. A comparative analysis of the results
dels is provided. Furthermore, a sensitivity analysis is carried out by means
of the simpph nurnerical approaches regarding key mechanical parameters, namely modulus of

elasticitygand tefpsile, compressive, and shear strength.

2.M NG METHODS FOR MASONRY BUILDINGS

A literature review on the methodologies applied in the seismic assessment of masonry buildings, [55],
discusses different modeling approaches. Besides, [56] discusses the applicability of the available
analytical tools so as to enhance the design practice of new masonry structures and as well as prevention
of the historical ones. The most advanced methodology is the finite element method which allows
simulating the behavior of masonry structures with accurate results. However, the method requires high

computational effort, complex constitutive material laws and users with postgraduate knowledge, and,
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therefore, its application in engineering practice is limited. In this regard, simplified computational tools
have been proposed, based on structural components such as beam-type and panel elements.

The seismic behavior of modern masonry buildings is governed by box-behavior where the in-
plane structural walls controls the resistance and premature out-of-plane mechanisms are prevented.
Yet, once proper measures are taken for existing masonry buildings, the so-called box-behavior can be
also achieved. Typically, the in-plane resisting mechanisms of masonry piers can be generally

characterized by three modes of failure [57], as shown in Figure 2. There are several factors affecting

vertical loading. Depending on the relative resistance of units and mortar, diago

along the unit-mortar interfaces as stair-stepped patterns or can develop thr URILS mortar. In the
first case, cracking occurs when the shear strength of the unit-mortar j es isJlower than the shear

stress induced by horizontal loads. In the second case, diagon ure occurs as a result of

excessive tensile stresses and limited tensile strength of nry ynits. This results in different

resistance criteria describing the shear resistance of m r 7 The flexural failure is mostly

associated with the rocking of the walls in which crushing™Qf the bottom corners under compressed

regions and overall stability result in loss of beariglg capa€itypof the masonry wall.
o~
=)
Flexural
=
Sliding shear —
N P
s N
] ,
Diagonal Shear Rocking

Figure 2. Typic &of unreinforced masonry piers subjected to in-plane loading [57]

Since the @e avior of modern URM buildings is usually governed by in-plane resisting
mechanisms, mqst of the proposed assessment approaches rely on resistance criteria associated only

in- behavior of masonry walls. In fact, in-plane failure mechanisms play a key role in the
macro¥modeling approach, assuming that local failure mechanisms are prevented and global behavior
of the masonry is ensured [58,59]. Methods developed for masonry buildings with box behavior may
not be suitable for existing masonry buildings, in which diaphragmatic action of the floors is often
compromised. The macro-element modeling approaches can be categorized into two groups, namely: (i)
equivalent frame models, where the walls are represented by rigid nodes and deformable elements, as
shown in Figure 3 (for instance, SAM, Tremuri model); (ii) plane macro-elements, in which walls are
represented by plane or three-dimensional elements (such as variable geometry, multi-fan panel, strut-

and-tie model or, macro-elements with spring links), as shown in Figure 4.
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The POR method was proposed by [60] and the methodology is known as the first seismic assessment
tool for masonry structures. The approach assumes a story failure mechanism and analyses each
structure level individually. The nonlinear behavior of the structure is computed by taking into account
the inter-story shear force-displacement curve in which the sum of the individual response of each wall
is represented. The application of the method is limited to the assessment of masonry structures with a
rigid diaphragm that ensures the inhibition of out-of-plane failure. Therefore, the failure of the building
is based on the shear failure of the pier panels having elastic-perfectly plastic behavior with limited

ductility.

The equivalent frame model implemented in Tremuri computer program [43] i

subdivision of the masonry walls into deformable elements (macro-elements), repfes g pier and

spandrel components, and rigid nodes (Figure 3(a)). The deformable macro-¢e ts entrate the
nonlinear response of the walls and are composed of three parts: the centraQyjd iCates the in-plane

shear deformation and two outer elements at the top and bottom of thexceRgral bady replicate in-plane

bending and axial behavior. The rigid nodes correspond to the part: I which do not experience
damage, being only used to connect the deformable elements, nonNnear description of the material
involves a stress-strain cyclic relation with no-tension c -element has eight degrees of

freedom (DOF): (a) the central body has two DOFs (forizontal translation and rotation); (b) the outer
top and bottom elements present three DOFs each§(ver horizontal translation and one rotation)

(Figure 3(b)).
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W Pier Fz ]
! Rigid Node —> — 1 -1
M Spandrel 1—-'—‘[ i i | ri_\‘
- oL depier
D
’ AN I I B
—J
A |
L Y X N | '
W U
@,/bj " » %fb.ﬁ — r‘ i — joint
IS b ’! LT
ﬁ/q’ 2 f L 0
Ll P 1, - | |
. AN NSSNNNNNAN NN N
“" a) SAM
£ Lp"/libi‘l 15 " v . Q
R R e =
" N \V_L
Jr— b —l‘ N
(b) Tremuri

Figure 3. Beam-based macro-element models, i.e. equivalent frame models, (a) Tremuri [43], (b) SAM [51]

The Simplified Analysis of Masonry Buildings (SAM) tool was developed by Magenes and Della
Fontana (1998) [51] and is based on an equivalent frame idealization of the masonry walls by means of
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deformable (piers and spandrels) and rigid (joints) macro-elements as shown in Figure 3(b). The
nonlinear behavior of the pier elements is governed by elastic-perfectly plastic behavior with limited
ductility, whereas spandrels are considered to have either elastic-plastic or elastic-brittle behavior. The
configuration of the openings in vertical alignment plays an important role to simplify the masonry wall
as an equivalent frame, requiring regular distribution.

The variable geometry approach assumes that the nonlinear response is simulated by
geometrical nonlinearity of the deformable macro-elements rather than material nonlinearity, aiming at

analyzing multi-story walls [61]. This macro-element is composed of triangular finite

illustrated in Figure 4(a), and there are two types of geometric configurations, whic
deformable and rigid elements. The response is calculated at each load step based ah thegdeformation
observed in the shape of each triangular finite element on the resistant portig th
geometry of the rigid macro-elements remains constant regardless of the ap I masonry parts
that are damaged or under tensile stresses are not taken into account inthe'¢alculation. The deformable
parts are updated through the translation of the joints while the str. s%lements is changed while

conserving the resultant force constant at each load step.

o R

R

<

TRnk anT _’IR\R'
undeformed shape Wfshape
(
A
\ +
X | AN S oamm
(c) (d)

Figure 4. Panel macro-element models, (a) variable geometry [61], (b) multi-fan panel element [62], (c) strut-
and-tie [63], (d) spring-based macro-element [41]
Braga and Liberatore (1990) [62] suggested the discretization of masonry buildings by means of panel
elements in which a multi-fan stress pattern develops, as shown in Figure 4(b). Each macro-element is
represented by two lateral edges having two rigid surfaces. Linear elastic behavior is considered for

compression and zero tensile strength is assumed. Failure is identified by the crushing of the material
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when reaching the maximum compressive stress. It is noted that this approach is not capable of capturing
material degradation [64].

In the strut-and-tie method, the masonry building is subdivided into stories, and the vertical
elements are represented by masonry panels acting as in-plane resisting elements, which are analyzed
individually by means of pushover analysis [63]. The capacity curve of the story is calculated by the
addition of the capacity curves obtained for each panel of that story. Hence, the capacity of the building

is obtained taking into account the capacity curves of all the stories. Elasto-plastic compressive behavior

from uncracked condition to failure is simulated by the elimination of

rhomboid to the base and inside of the rhomboid (Figure 4(c)), being passile to rgproduce the flexural
and shear failure modes, respectively. Two major simplifications (i) there is no interaction
between the stories and each story is analyzed individually;@i) th el elements only represent
masonry piers and the columns, without spandrels.

A plane macro-element model, the DMEM, was proposed by Calio et al. (2012) [41] and the

generic masonry wall is obtained by assembling qgadril

o
k Ioe

dted parallel to the interface’s direction governs the shear-

anel) elements with four rigid edges and

panels by means of nonlinear links, so-called

interfaces: (a) discrete distribution o

axial/flexural behavior; (b) a single |
sliding mechanism; (c) the ona el link, is responsible for the simulation of the shear-diagonal
failure. Each plane ma%ne includes 4 degrees of freedom, see Figure 4(d): 1 DOF to represent

the in-plane defor%yg gonal spring) and 3 DOFs to describe the rigid body motions.
3. EXPER NTA SULTS

of this work is to discuss the performance of numerical models simulating the

of irregular masonry buildings. For this purpose, the results of dynamic shaking table

pushover curve and numerical damage patterns with the monotonic experimental response envelop and
experimental damage patterns. Shaking table tests on modern masonry buildings having symmetric [65]
and asymmetric structural configuration [12] were carried out in order to investigate the influence of the
torsional behavior induced by irregular geometries. It is noted that torsional behavior is present even in
regular geometries after the development of nonlinear behavior and the accumulation of damage [65].

In addition, irregular structural configurations of buildings with box-behavior (presence of rigid floor
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diaphragms) are intended to be analyzed since simultaneous in-plane and out-of-plane deformations may

occur due to torsional effects in the post-peak regime [12].

3.1. Description of the Concrete Block Masonry Building Model

The experimental model was designed based on typical modern masonry houses built in Portugal and
encompassing the Eurocode 8 [66] criteria for: (i) bi-directional resistance and stiffness, (ii) torsional
resistance and stiffness, and (iii) diaphragm behavior of the slabs. The experimental model is an irregular

building in plan, which has a setback in one corner and has an irregular distribution of opgnings in

elevation. In order to achieve more representative response from the half-scale experimenta I, both
Cauchy and Froude similitude laws should be respected [67]. As per Froude similit , additional
masses are required. However, limitations of the shaking table, i.e. pay lo notpallow the

implementation of both, and, therefore, only Cauchy’s similitude law was a 1) [12]. The
masonry walls are composed of concrete block units and are connected to r@inforc ncrete slabs. The
units are laid in running bond configuration allowing interlocki all intersections. An

experimental campaign was carried out in order to characterjze th ties of the materials, i.e.

mortar, brick unit, and masonry panel. The results of the chafaster tests are summarized in Table
2. The experimental building has 4.2 m x 3.4 m in plan ahd 3. height, whereas the slab and wall
thickness is 0.1 m. The typology of the RC slab is,two ith reinforcements of @8//15. The height
s with 0.8m x 0.5m and 0.5 m x 1.1 m,
onstructed above the openings. The total weight

hich 58% of the weight belongs to the slabs and

of each level is 1.4 m having window and dookepen
respectively (Figure 5). Additionally, RC linte

of the experimental model is nearly in

A . )
following what was mentioned r

without any opening (south réRresents the common wall shared in twin house configurations. The

s not include additional masses. Furthermore, the wall

structure was constructe ring-beam slab foundation with dimensions of 4.9 m x 4.4 m x 0.35

(@) (b)
Figure 5. The structural configuration of the URM building, (a) north-west fagade, (b) south-east fagade [16]
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Table 1. Scale factors used for Cauchy’s similitude law [67]

Parameter Symbol Relation Cauchy
Prototype/Model  scale factor
Length L Le/Lm A
Young’s Modulus E Ep/Em 1
Specific mass p pr/pm 1
Area A Ap/Am 22
Volume Y, VeV m A
Mass m Mp/Mpy A
Displacement d dp/dm A
Velocity v Vp/Um 1
Acceleration a ap/am At
Weight w Wp/Wm A
Force F Fp/Fm A2
Moment M Mp/Mm A
Stress o oplom 1
Strain € eplem 1
Time t
Frequency f

Table 2. Material properties obtained by experimental campaign [16]

tp/tm A
fp/ fM At ‘

Mortar

Flexural strength 2.70 MPa
Compressive strength 11.71 MPa
Block

Tensile strength 3.19 MPa

Young’s modulus 9.57 GPa
Compressive strength 12.13 MPa
Masonry Panel 'N

Young’s modulus
Compressive strength
Shear strength

Shear modulus

3.2. Test Procedure a

The seismic input or te shaking table was introduced by using two artificial accelerograms in the
longitudinal ( ngversal (X) direction. The accelerograms were derived based on the elastic
response m provided in Eurocode 8 [66] considering the design ground acceleration of Lisbon

region, Which is|1.5 m/s? (0.15g), ground type A, type 1 seismic action and 5% damping. The artificial
acce ams were scaled by a factor of 2 (compressed in time and multiplied in acceleration) and
applied as reference input (Figure 6). The seismic response was achieved by applying the seismic load
in phases with increasing intensity, thus scaling the reference seismic input. The sequence of the seismic
input and corresponding intensity in terms of peak ground acceleration (PGA) are presented in Table 3.
A total number of 6 test runs was considered and, therefore, cumulated damage was measured due to

the sequential seismic input.

10
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Figure 6. Input signals at 1:2 scale for the longitudinal (NS) and transv, Wections: (@) artificial
response spectrums, (b) acceleration-time series [16]

Table 3. Seismic input series and corresponding PGA [16] Q
No. Test PGA NS (m/s2) PGA EW (m/s2)
25% 1.16 (0.12 g) 0.89 (0.09 g) ‘

1
2 50% 2.50 (0.26 g) 2.31(0.24 g)
3 75% 3.25(0.33 g) 2.79(0.28 g)
4 100% 4.57 (0.47 g) 4.05 (0.41

5  150% 6.45 (0.66 g) 10, 79)
6

150% 2  6.44 (0.66 g) 1.2% g)

AR
A detailed description of the w s based on visual inspection after each test run was presented
in Avila (2014) [16]. Fo firsg test'run (25%, 0.12g), no significant damage was reported. The first
minor damage was ojaservigd around the window openings as stepped cracks after the input 50% (0.269).

The third test r:: C responds to 75% (0.33g) of the reference input, resulted in significant

horizontal cragks at boti”levels. Additionally, diagonal stepped cracks were identified connected to the
1' crac

horizont centrated on the first floor. Increasing seismic input to 100% (0.47g) led to a

modgrate e in displacements, and, development of new horizontal and diagonal cracks mainly
concentfated on the north and west walls. At the end of the test run 150% (1.07g), the state of the
imminent collapse was achieved due to severe damage in the URM model. A significant increase in the
displacement values was observed in all walls, particularly the transversal ones. According to Avila
(2014) [16], although the out-of-plane displacements were relatively very low with respect to in-plane
displacements, higher values were obtained in the second level of the building. This imposed large
deformations in that story and an extension of the cracks from the previous test run and the onset of
horizontal and diagonal cracking was reported in the south and east walls. It is possible to conclude that

torsional effects were developed not only due to plan irregularity but also due to irregular locations of

11
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the openings and previous damage. Figure 7 presents the damage pattern observed in the URM model
at the end of the dynamic test. Accordingly, an envelope curve of the hysteretic response was developed

through the maximum base shear and maximum displacement of the hysteresis loops after each test run.

Figure 7. Damage observed after the final input sequence, (a) no al [ )wrest wall [16]

4. NONLINEAR NUMERICAL ANALYSIS

The numerical investigation of the seismic behavior of the mas flding (experimental model) was
carried out by using three different approaches, namely spring-based macro-element (DMEM), beam-
based macro-element (equivalent frame) and congnuu ing. For this purpose, practice-oriented

software 3DMacro and Tremuri were considere efer with a continuum model constructed in

DIANA FEA (Figure 8). It is important to noticethat continuum models represent the mechanical

a low computational effort, &yefin

mesh discretization w ie

freedom in 3DMacr0. Thekequivalent frame model discretization in Tremuri allows representing the
e

model with o ts having a number of 78 DOFs. In DIANA FEA, a three-dimensional

continuu I was prepared with solid brick elements (CHX60) having a mesh size of 100 mm.
Althoug@ements require high computational effort since the number of degrees of freedom are
incr S elements were preferred rather than shell ones. The main aim to simulate the plastic
deformations along the masonry thickness and simulate better the out-of-plane contribution of the walls
to the global response. The continuum model assumes the masonry as homogeneous continuous material
behavior, as Lourengo (2002), [69] and, is composed of 6574 solid brick elements with a total number

of 138,048 degrees of freedom.

12
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Figure 8. Numerical models constructed by using different approaches, (a) spring-based macro-element
modeling in 3DMacro, (b) beam-based macro-element modeling (EFM) in TREMURI, (c) continuum
modeling in DIANA FEA

4.1. Calibration of the Linear Properties
The calibration of the numerical models based on the constitutive laws obtained_frormiin- e loaded

masonry panels would be more accurate [70,71]. However, due to the absence was decided

to proceed with the calibration of the numerical models through the fittingyof the jrgfal stiffness in the
linear range of nonlinear pushover curves and, thus, the mechanical ved in the calibration

process was the modulus of elasticity masonry (E). The modulys of slasticity obtained experimentally
by Avila (2014) [16] was 5300 MPa. However, this value e be reduced to reflect cracking of
the concrete block masonry during transportation beforé t =and accumulation of microcracks in

the first loading stages during the shaking table tests. t DE stressed that the modulus of elasticity

used in the three numerical approaches differs to\modeling assumptions in each software. An

isotropic continuum behavior is considered fo ntinuum model which allows the definition of the

g

betyween the modeling approaches, which poses questions on the

elastic parameters, such as E and G, h depefdency to each other by the relationship G=E/(2+2y).

On the other hand, microelemen

erally assume uncoupled relationship between E and G

parameters. This is an inconsi

iffness is influenced also by pre-compression load level significantly [72—75].
aujo (2014) [74], the numerical simulation of the elastic parameters requires an

equiv odulus of elasticity by means of calibration. Thus, experimental value of the modulus of

obtained in small masonry wallets under uniaxial compression may not be representative of a
masonry wall. In fact, it is stressed that a precise description of numerical models for masonry buildings
requires certain hypothesis. In the particular case of continuum models, it is important to recall that
significant assumptions have been made, namely (i) masonry (concrete block, mortar and unit-mortar
interfaces) considered as an homogenous material and (ii) full fixed connection between the structural
components. Once all methodologies adopt macro nature of masonry, the discrepancy in elastic modulus

can be associated to the features of modeling approaches, i.e. connections of intersecting walls (flange
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effect). With this respected, it is important to stress that (i) the continuum model assumes fully fixed
connection along the height, (ii) the equivalent frame model considers lumped rigid nodes at the story
level, as already discussed by Simdes (2018) [76], and (iii) discrete macro-element model only shares
the vertical deformation at the intersections. Therefore, aiming at clarifying the need for adopting
different values of modulus of elasticity among the different modelling approaches, a simple benchmark

study was carried out.

4.1.1. Benchmark study on the modulus of elasticity.
Firstly, to what concerns the linear elastic properties of the models, two in-plane loaded ma§orty panels

with different geometry subjected to 0.5 MPa pre-compression were analyzed

approaches. An experimental campaign on cyclic behavior of masonry panels, which
[77], was considered and one level of pre-compression was selected for o
squat (h/1=1) wall. All specimens have a thickness of 0.32 m and a heightfof 2.5
the slender (CS01) and squat (CTO1) specimens are 1.25 m and
continuum model was constructed and analyzed by [74] in Diaga FEA, ItN

ile the length of
ctively. Furthermore,
oted that linear properties
were calibrated with respect to experimental shear tests.” Whegechanical properties defined for
continuum calibrated models are gathered in Table 4.

Table 4. Mechanical properties for masonry in calibra%;nuum models [74]

E (MPa) v (kg/m®) M YG. (N/mm) fi (MPa) Gt (N/mm)
Cso1 1500 1900 . 5.25 0.14 0.02

CT01 1000 1900 3. 5.25 0.14 0.02

Within the scope of benchmark, simulati experimental campaign was carried out using both macro-
element models by means ofgQushover afalysis. Material properties assigned for masonry are listed in

Table 5 and force-displ nt es are shown in Figure 9. Itis clearly seen that the need for different
I
be

modulus of elastici among different approaches is crucial to investigate on structural level. The
main idea was r insight on the influence of the flange effect of the orthogonal walls by
means of r connections. As previously mentioned, strategies adopted for the modeling of

connecti@ns of intersecting walls are different for each representative model.

Tab%anical properties for masonry in calibrated macro-element models

3DMacro Model Tremuri Model
Cso1 CT01 CSo01 | CT01
Linear Modulus of Elasticity E (MPa) 1500 1000 1500 1000
Parameters Shear modulus G (MPa) 600 400 600 400
Specific weight v (KN/m?) 1900 1900 1900 1900

Tensile strength fi (MPa) 0.14 0.14 - -
Nonlinear Compressive strength fc (MPa) 3.28 3.28 3.28 3.28
Parameters Shear strength fvg (MPa) 0.16 0.10 0.16 0.10
Friction coefficient b 0.30 0.30 0.30 0.30
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Figure 9. Force-displacement curve for, (a) CS01, (b) CTO1

For this, a simple geometry was used to analyze the difference in the elasti@ 4‘@; f e different
approaches, as shown in Figure 10. Three continuum models with diffegent corigction levels at the
corners were prepared such as (i) fully fixed connection; (ii) no cornerseonnggtion by means of interface
with zero stiffness, and (iii) no connection with calibrated modulus©f efasticity of masonry. In this way,
it is possible to have an insight on the role of orthogon | confnections adopted by different
approaches. The comparison is carried out in terms of i ime of the pushover curve, elastic

stiffness (roughly based on F=Kk.d), its variation amongathe modegls, and modal parameters in Table 6.

S

/ é
A )
7
Figgare 10. ural configuration of the benchmark model, dimensions in mm (height is 1500 mm)

InT variation of elastic stiffness is listed based on three different variations. With respect to Case
1, calculations were carried out with respect to Diana Fixed model. The model with fixed corner
connection is considered as reference model as it was the adopted approach for the continuum model
analyzed in the case study (asymmetric URM building). It is noticed that inefficient connection of the
orthogonal walls results in 20% reduction in the elastic stiffness compared to the fully fixed connections.
The elastic regime (k) of Case 2 (Diana with no connection E1000) is 19% less than the elastic stiffness
obtained in Case 1 (Diana fully fixed). By increasing 50% the modulus of elasticity of masonry, a lower
difference (6%) in elastic stiffness is achieved. Furthermore, the similar increment is also observed in

terms of modal properties, for instance the frequency of the first mode of vibration has 13% difference
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in Case 2 while only 1% variation is achieved by calibration of the modulus of elasticity in Case 3. It is

clearly seen that simulation of connections requires further improvement.

Table 6. Variation in the elastic stiffness (k) and modal parameters for the first mode of vibration

- . Mass Variation in
k variation with Frequency | Participat | frequency with
Case . respect to — .
(LF/disp) Case 1 (%) (Hz) ioninyY respect to Diana
(%) fixed (%)
1. Diana_Fixed 4.8 - 36.8 73 -
2. Diana_NoConnection E1000 3.9 81 32.1 76 -13
3. Diana_NoConnection E1500 5.1 106 36.5 76 <
Results of the benchmark study justify the need to use different modulus of elasticity. tion'gfone

numerical model with respect to experimental campaign could be necessary to b riethout for in-
plane loaded masonry piers. Yet, the same mechanical properties provide ‘@ agregrent among

different modeling approaches, as expected. In structural level, a simulatién of a

Qpplete structure is
highly dependent on the modeling assumptions that influences th u odulus of elasticity.
Therefore, it was decided to select different values for the modultg of elasticity of masonry for the

asymmetric URM model, according to linear properties that i&s arized in Table 7.

Table 7. Linear properties adopted

IANA 3DMacro Tremuri
Model Model Model
Modulus of Elasticity ( )4 1000 1500 2000
Linear Poisson's ratio 0.25 - -
Parameters Shear modulus G a) - 600 800
Specific weight v (kN/m?) 1200 1200 1200

4.2. Nonlinear mechanical p

The nonlinear properties ofm opted in the numerical models are gathered in Table 8. In case

of the macro-element Is, “material constitutive laws” refers to masonry panel and not to the
material and the li chanical properties are defined based on the panel constitutive laws
adopted in eagh appr . In case of the continuum model, mechanical properties defined refers to
masonry gnater is a nonlinear isotropic continuum. It is noted that macro-element models take

into_ accoligt the fvariability of the axial load during the analysis [41,78].

continuum model, the nonlinear behavior was described by the total strain rotating crack
model trat is available in DIANA FEA (2017) [79], see Figure 11. The constitutive model in tension
was based on exponential stress-strain relation, while a parabolic relation for both hardening and
softening was adopted for compression. The compressive strength of masonry was obtained by a
uniaxial compressive test carried out on concrete block masonry wallets [16]. Similarly, the value of the
tensile strength of masonry was taken as 0.12 MPa based on Avila (2014) [16]. According to Angelillo

etal. (2014) [80], an average ductility index in compression (ratio between fracture energy and strength)
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equal to 1.6 mm was considered to evaluate the fracture energy in compression. The fracture energy in
tension was fixed as 0.012 N/mm.

In the present study, the equivalent frame model was constructed by using commercial version,
but the analyses were performed through the research version of Tremuri. The research version allows
to use nonlinear macro-element (“elementi command”) instead of nonlinear beam element
(“macroelementOPCM 3274”). In this work, beam-based approach was defined by macro-element

implemented in [81]. Therefore, a bilinear constitutive model with zero tensile strength and stiffness

simulate diagonal cracking. Additionally, shear behavior is characterized by

sliding displacement (s) which is activated once the Mohr-Coulomb crit theSfriction limit is
exceeded (Figure 11(a)). Shear damage variable («) is a scalar parameter tRat defipes the shear damage

[81]. At the state of elastic range, « corresponds to 0, and becomes when the panel reaches its

IS greater than 1. Thus, the
, initial shear strength (f.,) and

as one (typical ranges are 1-4, [82]). Tensile strength Ts automatically considered to be zero in the model.

Table 8. Nonlinear properties of the oMy material

DIANA 3DMacro Tremuri
Model Model Model
Tensile fi (MPa) 0.12 0.12 -
Parameters Gt (N/mm) 0.012 - -
Compressive fc (MPa) 5.95 5.95 5.95
Parameters G¢ (N/mm) 9.52 - -
She ength fvo (MPa) - 0.15 0.15
Shear-di Frigtion coefficient [ - 0.33 0.33
parameters ear drift - 0.06% 0.06%
) Bending drift - 0.08% 0.08%
In the (3DMacro), the definition of the mechanical properties is based on the calibration of the

nonlinear spring links located at the interfaces, along the vertical and horizontal panel edges and
diagonally within the panel element. The orthotropic behavior of the masonry can be simulated by the
characterization of vertical and horizontal interfaces separately. The interface transversal links,
governing the axial/flexural masonry behavior, are characterized by a perfectly elasto-plastic
constitutive law with different strengths and ultimate displacements in compression and tension. This
constitutive law is calibrated according to an analogous stress-strain (f-£) characterizing the masonry

(Figure 11(c)), by means of calibration procedures described in [83]. The shear behavior is associated
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with two types of nonlinear links because the failure mechanism can develop along the diagonal inside
the macro-element and/or along the interfaces (sliding). Thus, diagonal shear behavior is simulated by
the diagonal links according to an elasto-plastic constitutive law given by Turnsek and Cacovic or Mohr-
Coulomb criterion. In the present case study, the latter was considered since the diagonal shear failure
was mostly associated to the sliding along the unit-mortar interfaces. Furthermore, the shear-sliding
response of the material was governed by a rigid-plastic behavior in which the plastic range was adjusted

according to a Mohr-Coulomb law at the transversal links [83]. In the present work, the shear-sliding

behavior was not taken into account in the numerical simulations, given that there are no eyiences of
its occurrence in the experimental model.

The properties describing the diagonal-shear behavior of masonry are the friction 8gefficient ()
and initial shear strength (f.0). The friction coefficient was calculated based er mendation

provided by Mann and Muller (1982) [84], being for the present case equa)to 0. g the masonry
composed of aggregate concrete units and general-purpose mortar fro lass M10, the initial shear

strength recommended by Eurocode 6 (2005) [85] is 0.2. This v %duced to 0.15 so that the
e~ This can be justified by the

-element approaches.

bending, respectively. These values were adoptedfin theyfa

It should be stressed that the same di parameters were used for the macro-element

: . v GO
S |
V7
E /’,/;'YI.V
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Figure 11. Constitutive material model defined in (a) Tremuri [82], (b) Tremuri for shear behavior [82] (c)
Diana model [79], (d) 3DMacro [86]
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5. Eigenvalue Analysis

The modal properties and mode shapes of each numerical model are presented in Table 9 and Figure 12,
respectively. The mass activated for each mode along the X (M) and Y (My) directions, expressed as a
percentage of the seismic mass of the model, are reported in Table 9. Finally, the total masses, in both
directions are indicated in the last two columns of the same table (M, sum, My, sum). The three natural
frequencies and modes shapes among the three numerical models are compared. It is found that the
continuum model has a first translation mode of 13.7 Hz in the longitudinal (YY) direction, and a second

mode with translation combined with torsion corresponding to a frequency of 14.4Hz. A torsignal mode

is observed for the third mode of vibration having a frequency of 24.0 Hz. The 3DMacro sents
the first three frequencies equal to 14.5 Hz, 15.6 Hz, and 40.3 Hz. Similar to the coafin model, the
mode shapes of the 3DMacro model display translational vibration as the firs M\ he second
and third modes are a combination of translation and torsional rotation. | remuri model,
the first 3 frequencies obtained are 13.7 Hz, 16.9 Hz, and 22.7 Hz. Theirstgnode presents translational

motion in transversal (X) direction affected by torsional rotation, ond mode is translational

mode of vibration was found as the third mode. In all m
with the first three modes, resulted higher than 80% in Roth théxmain directions (X and Y) of the building.

It means that the higher modes do not influengg sig ly the seismic response of the system.

Moreover, it is important to notice that signifi e mass ratios are associated with the torsion
modes, confirming the important role played by the Structural irregularities on determining the dynamic

properties of the building.

The frequencies corres
based macro-element are ¢
obtained with Tremurid se to¥ontinuum model but translational modes in X and Y directions are
switched with regpéct, to and 3D macro-element and seem to be influenced by rotational
components. e fregue associated to the torsional mode shape (third mode) obtained by the
continuu | differs from 68% to the 3DMacro and differs from 5% to the Tremuri. Two different
trends ar@registered: 3DMacro is stiffer than the continuum model, whilst Tremuri model provides a
low ion stiffness than the continuum model. This poses questions on the reliability of the different
approaghes for time history analysis of irregular masonry buildings as the dynamic characteristics of the
approaches are quite different. Moreover, given the important torsional components found, the mode-
proportional distribution of inertial forces in case of irregular buildings is questionable. The differences
found in the modes between the different approaches further confirm this statement. Therefore, for
pushover analysis of irregular masonry buildings only uniform and inverted triangle mass distributions

should be used.
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476  Table 9. Modal properties of each model

DIANA
Error to
Mode T(s) f(Hz) fouana () Mx (%) | My (%) | Mx Sum (%) My Sum (%)
1 0.073 13.7 - 6.4 78.7 6.4 78.7
2 0.070 14.4 - 73.6 6.7 80.0 85.3
3 0.042 24.0 - 1.6 0.4 81.6 85.7
3DMacro
1 0.069 145 6 % 0.9 88.1 0.9 88.1
2 0.064 15.6 8 % 83.8 1.1 84.7 89.
3 0.025 40.3 68 % 0.1 5.1
Tremuri
1 0.073 13.7 0% 39.3 17.7
2 0.059 16.9 17% 25.0 63.3
3 0.044 22.7 5% 22.7 8.7
477
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Figure 12. Modes of vibrations for the first three modes, (a) DIANA, (b) 3DMacro&

5.1. Pushover Curves
The nonlinear static analysis of the continuum model was performed by @doptin secant iterative
0( . ! ’

step-solution method with arc-length control [79]. The energy norm ered to have atolerance

of 0.001 in order to compute equilibrium at each load step. Simphified approaches do not allow any

preference for the analysis options and the Newton-Raphs hod Ys used for the iteration of the
results while performing nonlinear analyses. Additional ly® ro uses both force and displacement

control load processes in order to obtain the post-peak e capacity curve. A mass proportional

(or uniform) loading pattern was considered in eagfydireg€tion (X and Y) to replicate the seismic loading

acting on both continuum and macro-eleme unidirectional incremental lateral forces were

applied monotonically after the applicatie -weight loading of the structure. Since the masonry

building ensures the box-behavior phragmatic action, the pushover curves are evaluated by

taking a control point on the di e top level. The capacity curves obtained for the different
numerical models are preset s of base shear coefficient (BSC) and drift ratio at the top level
of the structure. The b ar coefficient is calculated as the ratio between the base shear forces and
the self-weight, a

In TreMuri, th

t the top level of the structure.

asonry is assumed as zero tensile strength material [87]. It was decided to
consider gh addiy continuum model (DIANA) and DMEM (3D macro), in which the tensile strength
capacity @f the masonry was also assumed as zero. This enables to have more compatible models for
furth arison. Therefore, in total, five different models were prepared, three models with zero-
tensile $trength and two, in 3DMacro and DIANA, with a finite tensile strength.

The capacity curves obtained from the different approaches are compared with the envelope
curve of the experimental hysteretic response of the building, see Figure 13. The difference between
each numerical model and experimental results in terms of peak load in a positive and negative direction
is calculated in terms of the maximum base shear coefficient in each direction. The difference in the
peak load among the different numerical models is also calculated following the same procedure. The

differences in the peak load are presented in percentage, see Table 10.
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In terms of initial lateral stiffness, a slight difference in the transversal (X) direction is observed.
However, it can be considered that both macro-element models are able to satisfactorily simulate the
linear response of the building and are in a good agreement with the continuum model. The main reason
for the difference registered in the +X direction might be due to the loading process adopted in the
shaking table. Accumulation of the damage due to the phased and incremental subsequent load sets is
particularly remarkable beyond the elastic behavior. This happens after the 2" loading phase,

corresponding to an input seismic load of 50% (0.26Q), see Figure 13.
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3DMacro DIANA ‘

Figure 13. Capacity curves oh ainwyferent approaches
It is also clearly seen that there is a significanggdi e fn the maximum lateral load capacity between

when finite tensile strength is cons

capacity considerably higher t
36%
load capacity compari jth t

average experimental resul e continuum model has only a 4% difference in terms of peak
experimental one. On the contrary, the equivalent frame model
(Tremuri) is conseg@ative

30% than the al

has the lowest capacity against the lateral forces, presenting about less
mental load capacity. This lower capacity is attributed to the zero tensile

ed fgr masonry. In fact, when zero tensile strength is considered both in the continuum

spring-based macro-element model, the average capacity reduces, particularly in the case of
ent model. When zero-tensile strength is considered, the base shear capacity predicted
by 3DMacro is in average 12% higher than the capacity of the experimental model. On the other hand,
the value of the capacity obtained in the continuum model is now lower than the capacity in the
experimental model by 16%. The difference between the load capacity recorded in Tremuri compared
with the other programs is high in case of zero tensile strength, in the order of 63% in the case of
3DMacro and 22% in the case of the continuum model. This difference may be related to the limitations
of the equivalent frame model discretization of masonry building with irregular opening distribution, as
mentioned by Siano et al. (2017) [88]. In any case, it appears to be reasonable rely in the models with

zero tensile strength in the sense that this can be an artificial procedure to take into account the cracking
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accumulation due the loading phased procedure adopted in the experimental campaign. It is acceptable
the previous cracking at the unit-mortar interfaces can influence the shear resistance of the masonry

building.

Table 10. The difference between the results in terms of the average lateral peak load in all directions (%)

Vs. (%) Experiment 3DMacro  Tremuri DIANA 3DMacro_to DIANA to

Experiment +36 -30 +4 +12 -16
3DMacro - -23 -18 -

Tremuri - +63 +22

DIANA - -20

3DMacro_to -25

DIANA_to
It is also important to mention that much higher ductility is achieved in ghe po ak regime in the
numerical models when compared to the experimental model. This f e%an algo be attributed to the

dynamic nature of the experimental phased loading process and it onjthe structure, which is not

possible to described by the non-linear static analysis.

An idea about the influence of the geometry of th (geometric asymmetry), both on the

displacement and capacity, can be driven by the

displacement capacity [26,90]. The capaci i identifies the direction that has the most

vulnerable behavior for the model und idaggtion. In order to construct the capacity dominium,

sense, considering the DM ith tensile strength, the capacity dominium was constructed from

the individual capacit s obtathed from each analyses of the angular scanning group, as illustrated
in Figure 14. The direcgionSywith a certain angle are linearly interpolated. The 3D view of the domain
allows to read the bas r coefficient in Z-axis while the displacements at each direction are identified
on the X igure 14(a) and (b)). Furthermore, the contour plot illustrates the intensity of the base
shear coéfficienj for each analysis at each step. The red color highlights the directions in which the
high shear capacity is attained (Figure 14(c)). The plots clearly illustrate that the level of
resistange and ductility is influenced by the direction of the applied load due to structural asymmetry.
Furthermore, the shape of the hole represents the fragility of the structural system and allows to identify
for different directions. In the present case, it is observed that the ductility and base shear resistance
change significantly with respect to the direction and this is, in fact, associated to the plan asymmetry

and irregular distribution of the openings.
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Figure 14. Capacity dominium of the spring-b macrQzel€ment model, (a) displacement dominium in 2D,
(b) load factor dominium in 3D view, (c) XY plan

5.2. Damage Patterns

A critical analysis of the damagggattern portant to understand the discrepancies observed among
the capacity curves obtain theydifferent modeling approaches and the differences between the
numerical predictions the erimental response of the building. The crack patterns under
comparison corres &peak load recorded in each numerical model. This appears to be the most
adequate solugie~gNgn the different deformation levels corresponding to peak load amongst the
numerical s, whiich are also different from the experimental model. As already mentioned, after a
certain dgformatjon level (150%, 1.07g), the large deformations recorded in the experimental model are
impoSsiple e captured by the investigated numerical modeling strategies. Thus, the crack patterns
corresponding to this seismic level is assumed to be representative of the imminent collapse.

The comparison between experimental and numerical damage patterns obtained in the
continuum model and DMEM implemented in 3DMacro are presented in Figure 15 and Figure 16,
respectively. In the present case, the comparison is carried out taking into account the representative
models having tensile strength capacity (for continuum and macro-element models). In the case of the
continuum model, the maximum principal tensile strain distribution was used to represent the model
damage distribution. According to Mendes (2012) [17], the principal tensile strain distribution is a good

damage indicator.
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In the experimental model, the damage concentrates mostly at the first floor, even if there are some local
diagonal cracks connected by long horizontal cracks developing almost along the perimeter of the
building, which are believed to be the result of torsional effects of the buildings. By comparing the crack
patterns obtained in both numerical models, it is observed that both reasonably describe the damage
observed on the first floor. More in detail, either models (continuum and DMEM), are governed by
mixed flexural (rocking) and diagonal shear mechanism. Apart from the vertical cracks observed above
the openings in the spring-based macro-element model, due to the fact that the macro-model
concentrates the masonry deformation at the zero-thickness interfaces, flexural (rocki cracks

developing mostly at the base of the buildings, and diagonal cracks can be seen in both imilar

regions of the structure (Figure 15 and Figure 16). It should be also noticed that ge patterns
obtained in the DMEM model are moderately influenced by the discretization

Since the box-behavior of the structure is ensured by the rigid di “of-plane failure
mechanisms are not expected. However, even though the structure is d tounidirectional lateral

loading, it is possible to observe some interaction between in-p. ut-of-plane deformations,

mainly at the first floor, close to the base and at the intersectipf@f thevalls (North-west intersection),
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for the load factor of 0.84 and displacement of 7.1 mm, (c) DIANA results for the load.dac 0.68 and
displacement of 6.2 mm

(©
Figure 15. Damage patterns (a) at test run 150% [16]; at the peak load in -X Direction, (b) %} r S
t .

In fact, the deformation and crack patterns are mostly attributed to the torsi eCtg of the building due
to its geometry and monolithic behavior between the intersecting w walls and concrete slab,
which was also evidenced in the experimental results as no local daal e connections developed.

It is interesting to notice that although the macro-element m onlyA\cohsiders 2D interaction of the

elements, it has the ability to capture the flexural damage | effects. Lourengo et al. (2013)
[65] also stated that even regular structure tested on gshakihg table presented cracks due to torsional
effects resulting the asymmetric damage developfnent experimental model. In general, a good
agreement between the experimental and nupagrica was achieved for the models, in spite of the

bi-directional dynamic test.

South — East facade

(@)
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Figure 16. Damage patterns at the peak load in +Y Direction, (a) 3DMacro results for the load faCtORof 0.92
and displacement of 6.1 mm, (b) DIANA results for the load factor of 0.66 and displacement m
The damage patterns obtained in the numerical models with zero tensile streng (FE and
DMEM) are compared with the equivalent frame model implemented in Tre +Y direction

in Figure 17 and Figure 18, respectively. In this scenario, the damage patterns,ha@ve some different
features regarding to previous models. In continuum element and spring- acro-element models,
mixed flexural rocking and shear cracking pattern still develop in theNquitding under the lateral loading
in the negative transversal (X) direction (Figure 17). Howevenin ntinuum element model, there
is a clear predominance of diagonal shear damage over t I rocking behavior. In case of the
DMEM model, the zero-tensile strength of masonr ore the flexural rocking mechanism,

leading to the opening of flexural cracks at diffe haight of the walls and to the closing of some

diagonal cracks. It should be mentioned that th of these cracks is favored by the use of a rather

ortant’to note that several non-relevant vertical cracks can

large mesh of macro-elements. It is alg0
be identified due to the depende f age on the discretization of the mesh and the nonlinear

links (interfaces) with zero [eN§tre between the spring-based macro-elements. This different

i
behavior between the m s shiquld be attributed to the different constitutive material models used in

each numerical m%
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Figure 17. Damage patterns at the peak load in -X Direction, (a) 3DMacro results for the load factor of 0.69
and displacement of 11.6 mm, (b) DIANA results for the load factor of 0.48 and displacement of 12.5 mm, (c)

Tremuri results for the load factor of 0.39 and displacement of 9.5 mm
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Figure 18. Damage patterns at the peak load in +Y Direction, (a) 3DMacro results for the load factor of 0.75
and displacement of 8.8mm, (b) DIANA results for the load factor of 0.55 and displacement of 2.9 mm, (c)
Tremuri results for the load factor of 0.39 and displacement of 10.2 mm
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It is also seen that in both numerical approaches the damage observed on the second level reduces in
comparison to the models with finite tensile strength. In addition, the interaction between orthogonal
walls appears to reduce, which is particularly evident in the continuum model, due to the reduction of
the effectiveness of the connections at intersecting walls and thus to the lower influence of the “flange”
effects in the in-plane behavior of the walls. Regarding the results obtained in the beam-based macro-
element model, it is seen that the global response is governed by flexural behavior in which in-plane
walls present a rocking mechanism concentrated on the North and South fagades on the first floor. In
this regard, the significant difference in the load capacity presented in Table 10 can be attribgted to the
different resisting mechanism characterizing the global behavior of the building, resultiag,in different
numerical damage patterns. Similar to the other numerical models, the major dam entrates on
the first level. a&

The representative models subjected to lateral loading in the longipadQinal{+ Y'Y direction have

limited agreement in terms of damage patterns as shown in Figure 1

at the bottom of the in-plane and out-of-plane walls but also with\the pier elements. On the other
hand, the crack propagation on the continuum model shg

damage patterns with the conti

failure at piers on the first fldag whi ar failure is also noted on the pier on the second level.

6. CONCLUSION

The present papek.i u n the seismic performance assessment of unreinforced masonry buildings

with structyrali les in plan and elevation by means of nonlinear static analysis. The building
typologyfwas se d regarding the residential building stock to replicate typical geometry. The main
motiyatio nderstand structural irregularity effects on the seismic response of different modeling
approaghes” Even if continuum modeling approach is usually accepted as an accurate numerical
approach for the seismic assessment of masonry buildings, its application in engineering practice is
limited due to huge computational efforts and more simplified approaches are required. Thus, promising
simplified methodologies have been developed in the literature to perform structural assessment and
design of masonry buildings. Such developments are crucial to promote the construction of low- to mid-
rise URM buildings in seismic prone zone supported by a reliable seismic design.

Within this scope, pushover analysis of an irregular concrete block masonry building tested in

a shaking table was carried out by using three different approaches, being one advanced and two
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simplified, namely continuum model, spring-based macro-element and beam-based model, i.e.
equivalent frame model. In order to validate the implemented methodologies, the envelop curve of the

hysteretic response obtained from a dynamic shaking table test was used.
From the comparison of the results, multiple conclusions are stated as follows,

e The simplified approaches are less demanding, and, therefore, they are practical to apply in
engineering practice.

e The modulus of elasticity required for the modeling approaches has to be adjuste ing into

account the modeling particularities of each numerical model. This poses 'ons the
reliability of displacement-based seismic assessment approaches for&

buildings, given their higher dependency on elastic properties.
e Some inconsistency was found between the vibration modds in theydifferent models,
g I.l

particularly in case of the torsional ones. This poses question§ o bility of the different

masonry

approaches for time history analysis of irregular masgnry blildings, as the dynamic
characteristics of the approaches are quite different:
e Given the important torsional components found, -proportional distribution of inertial

forces in case of irregular buildings shoul beYused. In case of pushover analyses of

irregular masonry buildings, which is tiopable but may be the only available tool for

professionals, only uniform and in le mass distributions should be used.

e Considering masonry tensil th, Iwas observed that the results from the continuum

model approached relatively e experimental envelop, being the average difference of
4% considering all % e simplified model built-in 3DMacro software provided, in
general, higher {&n ompared to experimental results.

e When the tgns rength of masonry was considered to be equal to zero in the 3DMacro and

ximum capacity was closer to the experimental response.

del appeared to be excessively conservative as the maximum capacity of the
s considerably lower than the experimental load capacity. Compared to the
ro and Diana model, with zero-tensile strength, the Tremuri model registered lower

Ximum capacity.

o7 A reasonable agreement was found between experimental and numerical failure modes. Some
horizontal cracks developed on the second level in the experimental models, could not be
found in the numerical models.

e Torsional effects were obtained on the continuum and spring-based macro-element model in
which combined rocking and diagonal shear failure mechanisms was observed. This highlights

the relevance of the good connections between intersecting walls and between walls and the
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rigid reinforced concrete slabs. The equivalent frame model has limitations to capture damage

due to torsion.
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