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Abstract: A new macro model for the finite element modeling of unreinforced masonry (URM)
exhibiting in-plane nonlinear cyclic behavior is proposed. The ultimate objective is to predict the
seismic response of multi-story URM buildings. The macro model enables the modeling of URM
shear walls with a limited number of degrees of freedom (DOF) at low computation times. The
macro model consists of a deformable elastic frame supported by diagonal struts with nonlinear
behavior aiming to capture all dissipative phenomena occurring during seismic events. The nonlinear
constitutive behavior of diagonal struts is inspired by models documented in the literature, ensuring
a robust foundation for the proposed approach. This paper first provides a comprehensive review of
the principal models currently available for URM analysis. It then articulates the rationale behind
the development of this new numerical model, aiming to address the limitations encountered in
existing methodologies and to offer a simple and fast tool for predicting the seismic behavior of
URM buildings. Afterward, the new model is presented and tested with the simulations of two
experimental campaigns performed on different URM walls. The comparison between experimental
and numerical results shows that with a limited number of DOF and parameters, it is possible to
obtain a prediction of the experimental results with satisfying accuracy.

Keywords: macro model; unreinforced masonry; nonlinear analysis; in-plane cyclic loading; finite
element method

1. Introduction

Unreinforced masonry is one of the most common forms of construction, especially in
developing countries. It consists of individual masonry units made of bricks, stones, or
concrete blocks connected by mortar joints. Masonry blocks and mortar joints generally
have different mechanical properties, making masonry a heterogeneous and anisotropic
material with complex constitutive behavior at the macroscopic level [1,2]. For this reason,
the numerical modeling of masonry is a difficult task even under simple loading conditions.
The difficulty increases for the modeling of a complete building under seismic loading.

The choice of a modeling strategy depends on the expected results. Indeed, a micro
model—a term that refers to models in which the masonry elementary components (mortar,
blocks, interfaces...) are modeled [3]—aims to reproduce the different physical phenomena
occurring in the elementary components of the masonry. The counterpart to the accuracy of
the results is a significant computation time. Therefore, the use of such models is irrelevant
to the nonlinear transient dynamic analysis of a complete masonry structure.

Macro models have been developed to address this issue; they model masonry using
elements that represent the size of a portion of masonry. Among these models, the equiva-
lent strut model (ESM) [4-7] stands out for its efficiency and effectiveness. It simplifies the
modeling process by using a minimal DOF number, relying on a series of diagonal struts
to represent the masonry. This approach offers significant advantages, including rapid
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computation and the ability to closely align with experimental force/displacement data.
However, ESM only applies to masonry-filled structures.

An alternative approach is a unified method (UM), which aims to model masonry
with a very limited number of degrees of freedom [8,9]. The method consists of modeling
a masonry wall, irrespective of the presence of openings, with a horizontal spring to
simulate the wall’s shear behavior, and two vertical springs on either side to simulate
tension/compression responses. These two vertical springs have elastic behavior, while
the horizontal spring is used to model all the dissipative phenomena experienced by the
wall under cyclic in-plane loads. The major advantage of this model is its computational
efficiency due to the reduced DOF number. Nonetheless, this simplification comes as a
drawback, particularly in accurately predicting the behavior of walls with openings, as the
model’s shear strength only considers the strength of the piers [9].

To overcome this issue, it is necessary to have a model that explicitly incorporates the
openings in the mesh creation process. A prevalent method for this is the pier/spandrel
partitioning, commonly known as the equivalent frame model (EFM) [10]. This approach
is recommended by international standards, like the Eurocode 8 [11] or FEMA 356 [12].
It consists of assessing a wall’s response to horizontal in-plane forces and, from this, dis-
tinguishing the elements that behave differently: the piers (vertical elements that bear
both vertical loads and seismic forces), the spandrels (horizontal elements connecting
piers, significantly influencing pier behavior by altering their boundary conditions), and
rigid panels (areas assumed to remain undamaged). The POR method [13-15] was one of
the first methods using this kind of identification. This method considers the spandrels
as purely elastic and defines piers with an elastic—plastic behavior. Despite its computa-
tional efficiency, this method may inaccurately estimate the structure’s lateral strength [16].
Various modeling strategies have evolved, offering nuanced approaches to simulate the
complex interactions within masonry elements: (a) the simplified analysis of masonry
(SAM) uses beams with elastic—plastic behavior to model the different elements [17,18];
(b) the composite spring method (CSM) uses either elastic or plastic beams with plastic
hinges at their extremity [19-21]; (c) the macro-frame element (MFE) approach models
panels as rectangular elements defined with eight nodes for detailed simulation [22,23];
(d) the double-modified multiple vertical-line-element method (DM-MVLEM) [9], a deriva-
tive of the multiple vertical-line-element method (MVLEM) that is used for reinforced
concrete structures [24,25], represents piers with multiple vertical elements to capture the
flexural behavior accurately, using horizontal springs for shear behavior; (e) the multi-pier
(MP) [7] approach models masonry structures by utilizing vertical trusses to represent
piers and horizontal trusses for spandrels. The vertical and horizontal elements of the
trusses are used to simulate the rigidity and flexural behavior of the masonry. The diagonal
braces are used to model the inelastic behavior for traction/compression and shear loading
conditions. The difficulty with all these models is that there is no absolute definition for the
identification of the different elements and their mechanical properties. This can lead to
potential inaccuracies [26]. Consequently, the user needs a deep understanding and a high
level of expertise to make relevant hypotheses that allow an adequate identification.

Another macro-element is frequently encountered in the literature for masonry walls’
in-plane behavior: the rigid body spring model (RBSM) [2,27-29]. In this model, each rigid
element is interconnected through a combination of two normal springs and one tangential
spring. These springs are characterized by their inelastic behavior. Even though this kind
of model has demonstrated impressive outcomes, its implementation poses challenges
since the springs constitutive law relies on a representative equivalent volume and requires
a complex identification of parameters. Thus, its definition is more laborious than for the
other models.

The rigid macro-element model (RMEM) proposed by Cali6 et al. [30], and found in
several other studies [31-33], does not present such a complex definition of elements. In
the RMEM, masonry is modeled with rigid frames, interconnected by normal springs that
simulate the masonry’s tension/compression dynamics, and tangential springs for possible
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sliding modeling. It is advised to have at least two normal springs and one tangential
spring per side, but it is possible to have more. To accurately model the shear behavior
within these frames, diagonal springs are employed, with one spring per diagonal. The
nonlinear constitutive behavior of diagonal springs is chosen in order to reflect the macro-
scopic responses of masonry to various stresses, thereby providing a nuanced and precise
representation of masonry behavior. The properties of this macro-element do not depend
on the position of the modeled masonry portion in the structure and the brickwork; they are
simply defined by their mechanical properties. This straightforward approach, however,
encounters challenges when integrating structural components other than masonry. Indeed,
the RMEM employs discrete elements connecting the macro elements, whereas the addi-
tional elements are usually modeled using finite element beams; the combination of both
models is challenging. Pant6é and Rossi [34] developed the RMEM using finite elements
only. In the latter version of the model, there is an increase in DOF per macro-element from
the original 4 to 28. This modification, while enhancing the model’s detail, introduces a
significant increase in complexity.

In response to the limitations identified in existing macro-element approaches within
the literature, the deformable frame model (DFM) is proposed. It is inspired by the
RMEM [30,34] and consists of a frame with internal diagonal struts. It is designed for the
ease of mesh generation and the straightforward inclusion of architectural features such as
openings. As for the RMEM, its mechanical properties are directly correlated with those of
the modeled masonry and do not rely on any representative equivalent volume. Moreover,
it is based on finite elements to enable easy integration of non-masonry structural elements,
such as timber lintels, concrete frames, or horizontal seismic bands. Unlike the RMEM
developed for finite elements [34], the frame of the DFM is deformable under vertical and
horizontal loads. This approach is similar to those of the methodologies employed by the
UM [8] and the multi-pier [7] and it eliminates the need for interface springs to simulate
vertical and horizontal rigidity. Yet, unlike the UM and the multi-pier approach, the frame
is made of struts and not beams. The diagonal struts are used to accurately capture the
shear behavior of masonry, like for the RMEM, making them the sole components that
exhibit inelastic behavior. To optimally represent dissipative phenomena with a limited
DOF number, the DFM utilizes constitutive laws initially proposed for the ESM [5]. This
approach ensures a faithful representation of masonry’s inelastic behavior during seismic
events, optimizing both accuracy and computational efficiency.

In the following sections, the DFM is defined for simulating masonry subjected to
in-plane loads. The DEM enables the modeling of three-dimensional structures, with
the underlying assumption that nonlinear dissipative phenomena within the walls are
solely due to in-plane loads. The different components of the macro-element are described
alongside the methodology for identifying their constitutive properties. Subsequently, the
incorporation of additional structural elements is tackled. These elements broaden the
scope of the DFM, allowing it to model structures that are not purely composed of URM.
Finally, the DFM is validated through simulations of two cyclic tests from existing literature,
comparing the numerical outcomes with experimental data. The first test demonstrates
the ability of the DFM to predict the shear behavior of masonry piers while the second
test demonstrates its ability to predict the shear behavior of a wall with openings. These
demonstrations highlight the DFM'’s robustness and versatility in modeling complex URM
walls under cyclic loading conditions.

2. The DFM for In-Plane Loads

Figure 1 shows the modeling of an in-plane-loaded URM wall with the DFM. The
model can represent either a section or the full extent of a URM wall. It is defined with
four nodes, one at each vertex, having 2 DOF for a total of 8 DOF. As shown in Figure 1,
each node is interconnected with three struts: a horizontal strut, a vertical strut, and a
diagonal strut.
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Masonry damage under horizontal cyclic loading is assumed to be a consequence of
its shear behavior. Consequently, within this context, only the pair of identical diagonal
struts exhibit nonlinear constitutive behavior. All other elements of the DFM have linear
elastic behavior.

AU_B' A 17_4_)
3 Uz 4 Uy

— —

\ VU1 \ U2
1= e
Uq 2 Uz

Figure 1. DFM’s schematic representation for in-plane analysis.

2.1. Stiffness of the Struts

The stiffness of each strut can be identified thanks to the virtual work principle by
establishing an equivalence between a homogeneous and isotropic 2D medium and the
macro-element. An example is shown in Figure 2, and details of the calculations are given
in Appendix A. The masonry element of height h,,, width I,;;, and thickness ¢,, is under
a uniformly distributed vertical force (F,) that leads to a vertical displacement (u,) at the
top of the wall. The 2D homogeneous and isotropic medium has a Young’s modulus (E;;)
and a shear modulus (G,). It is initially modeled with only one macro-element whose
vertical, horizontal, and diagonal struts have stiffnesses of Ky, K}, and Kj, respectively. For
the example in Figure 2, the equivalence leads to the following:

Homogeneous and isotropic medium (Figure 2a):
2

@-@:///(g:g)dV:ElmimZuT” (1)

DEM (Figure 2b):

Fy-ity =2 (0.5-Ky- ity - ity +0.5- Ky - 11 - it

= (Kvu% + K cos?(6) - u%) (2)
Equations (1) and (2) allow determining the vertical strut stiffness.
lm : tm 2
Ky =Ep - — Ky - cos“(0) 3)
2 * hm

The stiffness of the horizontal and diagonal struts can be similarly obtained:

hm'tm
2Ly

Ky = Ep - — Ky -sin?() (4)

lm : tm
Ki=Gpn ——m— 5
4 "2 hy, - sin?(0) ©)
The stiffness of both horizontal and vertical struts within the DFM is intricately
associated with the stiffness of the diagonal struts. This interdependency is crucial, as it
can result in negative stiffness values if the properties of the macro-element fail to meet
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specific criteria. To address this, it is essential to consider the relationship between the
shear modulus, Gy, the Young modulus, E;;, and the Poisson’s ratio, vy, of the masonry
that is expressed as G, = E;/(2(1+ v )). As a consequence, the slenderness of the DFM
has to follow the following:

1
<y /S <4 /2(1 + 6
20+ vm) m/ lm ( Um) (6)
}z/—T‘&
E/ln o ®

7 V77 74

(a) (b)

Figure 2. Masonry element under a vertical load modeled with (a) homogeneous and isotropic
medium; (b) the DFM (the deformed configuration is dashed).

2.2. Macro-Element Discretization

The masonry under consideration can be modeled with more than one macro-element,
leading to situations where the neighboring DFM elements share nodes. A smaller number
of macro-elements allows reducing the computation time; however, this approach may
lead to an inaccurate prediction of the behavior of the wall. An example of a2 x 2 macro-
element configuration is proposed in Figure 3. In this example, the macro-elements have
the same size, but they can also have different sizes. The stiffness of a strut adjacent to two
macro-elements is the result of the contributions from both. In Figure 3, one can see the
horizontal strut located at the centers of the gray rectangle borders” macro-elements i and j.
The stiffness is, thus, given by the following equation:

hinf “tm

Kn=En- =370
1

— Kd,i Sil‘lz(g,’) — Kd,]‘ Si112 (9]) (7)

hinf

Figure 3. Modeling of a wall with four macro-elements.
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In the same way, the stiffness of the vertical strut shared by macro-elements j and k is
as follows:
ll‘nf.tm

Ko=Em- =5~
7

— Ky cosz(Gj) — Ky cos®(6y) (8)

In these equations, 0; is the angle of the diagonal strut with the vertical in the macro-
element, i; K, ; is the stiffness of the diagonal struts of the macro-element, i; h;,f = 0.5(h; +
hj) is the height of the horizontal strut area of influence; I;,r = 0.5(1; + I;) is the width of
the vertical strut area of influence.

2.3. Shear Strength of the DEM

There are three main modes of failure for a masonry pier subjected to shear: rocking,
diagonal cracking, and shear-sliding. The maximum strength of the DFM identical diagonal
struts is defined by two of them: the diagonal cracking with the formula proposed by
Turndek and Cacovic [35] (Equation (9)) and the shear/sliding with the Mohr-Coulomb’s
law modified by Mann and Muller [36] (Equation (10)). Since the macro-element can rotate,
it is possible to capture the rocking behavior without defining a maximum shear stress
for it.

Diagonal cracking;:

0
for =[5 +1 ©)
Shear /sliding:
fop=c+pu-op (10)

In Equation (9), f; is the tensile strength of the masonry, and o5 is the vertical stress
applied to the masonry. The parameter, b, allows accounting for the slenderness of the
URM wall and is defined by Equation (11). In this equation, .y, and I, are, respectively,
the height and the width of the macro-element of the considered diagonal strut.

b = Npjey / Loters With the limits 1 < b < 1.5 (11)

Parameters ¢ and 7 in Equation (10) are refined adjustments for the cohesion and
the friction coefficient, respectively. These modifications were proposed by Mann and
Muller [36] to enhance the correlation between the calculated shear strength and the values
measured experimentally. They are defined by Equations (12) and (13), where Hj, is the
brick’s height and Ly is its length.

c

= ——"F7+ (12)
1+2-y%
b
= M
H=—"54q (13)
1+2-y%
b

The maximum strength of the diagonal strut, F,, is defined by considering the two
definitions of the shear stress given by Equations (9) and (10) and the shape of the DFM
element, as shown in Equation (14). In this equation, 6, is the inclination of the diagonal
strut with respect to the vertical direction. It is important to note that this determination of
the diagonal strut’s maximum strength is conducted at the meso scale, rather than at the
macro scale.

Lojorn + t
F, = 2" " min(f,; 14
! Sln(eelem ) (fv,l ) ( )

2.4. Inelastic Behavior of the DFM

The diagonal struts allow accounting for the inelastic behavior of the macro-element
under in-plane loading. Figure 4 shows the hysteresis behavior under alternate shear
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loading; it is inspired by the model proposed by Panagiotakos and Fardis [5], originally
developed for the ESM. It allows reproducing the inelastic behavior of the masonry under
cyclic shear loading with few parameters, compared to other similar models. The envelope
curve is bilinear (shown as a bold line in Figure 4). The plateau at force, F,, corresponds to
the effect of failure. The decrease in the ultimate force at aF, (¢ < 1) is a consequence of the
cyclic loading.

[}

2

£

E, A . B | -
(. >
Ky &

41 aer § Pu R
/ //du
0 ~dgr, Amax displacement

Figure 4. Force/displacement constitutive behavior of diagonal struts.

The unloading-loading path is the one proposed by Panagiotakos and Fardis [5], and
the only empirical parameters are g, §, , initially defined with positive values.  and 7y
are used to control the shape of the hysteresis loop; they are necessary to reproduce the
dissipative phenomena noticed during a cyclic test. The first complete unloading-reloading
is represented by the path BC-CD-DE and the second complete unloading-reloading by
the path FG-GH-HI or FG-GH-HI' in the case of the cycle. The latter refers to a complete
cycle when the wall has been damaged in both directions of solicitation; the gray bold line
corresponds to failure at force « - F,. In order to better understand the loading-reloading
behavior, the two different paths are explained.

2.4.1. Damage in One Direction

In the path represented by branches BC-CD (Figure 4), the ultimate force (resp. ul-
timate displacement) of the modeled masonry portion F, (resp. d,) is reached in only
one direction. This does not necessarily mean that the wall has been loaded in only one
direction. The unloading path in this case is as follows:

1.  From point B, the unloading occurs with initial stiffness, K;. This behavior occurs
until the force § - F, is reached at point C in Figure 4.

2. After point C, the stiffness decreases, corresponding to the opening of the cracks
produced by the solicitation in this direction. Since the modeled masonry portion
has not been damaged in the other excitation direction, the point targeted by the
constitutive law is the point of ordinate -g - F;, on the envelope curve; see point D in
Figure 4. After this point, the DEM follows the behavior of the envelope curve.
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2.4.2. Damage in Both Directions

It is represented by the path FG-GH-HI (or FG-GH-HI'). In this case, the ultimate force
of the modeled masonry portion, F,, has been reached in both directions. The maximum
displacement reached in the opposite direction is denoted as d,;4x. For the path described
in Figure 4, dyqx = dp. The unloading path in this case is as follows:

1.  From point F, the unloading takes place with the initial stiffness, K;, as from point B.
The branch FG is described exactly as the branch BC.

2. After reaching point G, the following branch is not defined like the branch CD. Since
the modeled masonry portion has already been damaged in the opposite direction,
some cracks remain open due to the reloading. Thus, two phenomena occur on the
branch GH: the closing of cracks in one direction and the reopening of cracks in the
other direction. Note d BFu="" (dmax — dy) is the displacement at force B - F, in the
other direction.

3. Depending on the mode of failure that occurs, the last part of the curve is defined
differently.

* At point H, the masonry exhibits damaged stiffness until the ultimate force, F,,
is recovered. Therefore, point I in Figure 4 is different from point B. After point I,
one follows the envelope curve again. This type of behavior occurs if the failure
is along a bed joint.

e If the failure is along the wall portion diagonally, the masonry has softening
behavior due to cyclic damage. The ultimate force at displacement d;4y is no
longer F,, but aF, with @ < 1. The value aF(d,,4y ) is chosen as the new maximum
of the envelop curve as shown in Figure 4 with the branch HI'. After point I, the
new definition of the envelope curve is followed.

2.5. Parameters of the Hysteresis Constitutive Model

Panagiotakos and Fardis [5] did not provide any definition for the parameters defining
the hysteresis. In order to predict the cyclic behavior of masonry structures without the
help of experimental cyclic tests, formulas for «, 8, and -y are proposed. These empiric
formulas are defined to approximate values determined by fitting experimental curves on
walls without openings. It is supposed that the values of the parameters are the same in
the two directions of loading.

The parameter « is used to reproduce the softening behavior of masonry associated
with cyclic loading. The deterioration of the properties of the wall depends on its slen-
derness and the vertical load. Since the strength of masonry associated with diagonal
failure increases with the vertical loading, it is assumed that the cyclic damage is inversely
proportional to the vertical loading. Finally, Decret [37] identified the parameter « with
Equation (15).

bdiag -1
1+o0,/ f t

The parameter (byj,¢) in Equation (15) is similar to the parameter (b) used to define
the maximum strength of the diagonal element in Equation (9). However, its definition is
slightly different, as shown by Equations (16) and (17). The parameter (b4;,¢) is inspired
by the crack patterns of diagonal cracks, which depend on the slenderness of the walls, as
shown in Figure 5, and the definition of the parameter () in the literature, which differs for
masonry piers and spandrels [35]. The crack pattern affects the cyclic behavior of the wall.

a =09+ (15)

° if helem > lelem
1< bdiag = hetem/ letem < 1.5 (16)

° if oo < lLetem
1< bdiag = Letem/ Metem < 1.5 (17)

Parameters f and -y define the stiffness variation of the wall during the unloading-
reloading stages and the global shape of the hysteresis loop. They only depend on the
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slenderness of the wall. Decret [37] identified the dependence of parameters p and <y on the
slenderness with Equations (18) and (19).

B = 0207, + (1 — baigg)? (18)

¥ = —04+2(1 — byigg) (19)

Figure 5. Diagonal crack patterns of masonry walls with different slendernesses.

3. Wall with an Opening

The presence of an opening in the wall is accounted for thanks to the discretization.
An example of masonry wall modeling using DFM, including an opening reinforced by a
frame, is shown in Figure 6 with different mesh sizes.

/
\|/

/

\/

AN AN
/\

(a) (b) (c)

Figure 6. (a) Masonry wall with an opening and a wood frame; (b) coarser possible mesh for DFM;
(c) finer mesh using DFM.

The DFM can only be used to model masonry wall portions. For the modeling of
additional elements in a structure, such as reinforcements, the macro-elements have to be
connected to additional elements around openings (Figure 6). Elastic beam elements are
used to model the frame, as represented in Figure 7. The beams share the same nodes as
the DFM macro-elements.

Same node

Figure 7. Wall with a reinforced opening with zoom on the reinforcement.
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There are a few special features for modeling lintels. Since the nodes of the beam
coincide with the nodes of the macro-elements, the lengths of the lintels have to match the
sizes of the macro-elements on the frontier. That constraint may have an important impact
on the mesh size and on the computation time. Therefore, it is suggested to create the DFM
mesh first and to adjust the size of the beam elements to the created mesh. The impact of
this choice of modeling is shown in a case study in Section 4.2.

4. Validation of the Macro-Element Model

The DFM is used to model two different experimental campaigns. The first exper-
iments by Anthoine et al. [38] have already been used to validate various numerical
models [27,39,40]. They consist of three cyclic tests on two different walls without opening,
made of Italian bricks. The second experimental campaign by Reyes et al. [41,42] consists
of cyclic tests performed on two wide walls, made of rammed earth and adobe. These
latter walls have two openings and lintels. The two numerical models were implemented
in ATL4S, a finite element toolbox for Matlab [43].

4.1. URM Piers

The test results presented by Anthoine et al. [38] aim to study the in-plane behaviors
of two different pier walls with the same width and thickness but different slendernesses
(Figure 8). The smallest wall is 100 x 135 x 25 em? (L x H x T) in size and the highest one
is 100 x 200 x 25 cm3. The heights of the two walls were chosen to exhibit two different
failure patterns: a flexural /rocking failure for the high wall and a diagonal shear failure for
the small one; 5.5 x 12 x 25 ecm? bricks arranged in English bond were used for both walls.

Reaction  Actuators
wall

F
h Steel beam

d

Figure 8. Schematic view of the testing set-up by Anthoine et al. [38].

The experimental setting was designed to prevent the rotation of the wall so that the
test would reproduce—as closely as possible—the conditions of pure shear. For this reason,
the assumption of a doubly restrained wall was made. The shear loading was produced by
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an imposed cyclic displacement at the top of the wall. Two cycles of the same amplitude
were performed. If a noticeable loss of strength was observed during these two cycles, a
third cycle was performed. In addition to the cyclic displacement, a vertical compressive
stress of 0,1 = 0.6 MPa was applied to the walls.

The mechanical properties of the masonry are shown in Table 1. The parameters «, j,
and 7, defining the hysteresis of the diagonal struts, are determined with Equations (15)-
(19). Their values are given in Table 2. The value of « varies, depending on the position of
the macro-element as the vertical stress o, changes.

Table 1. Mechanical properties of the two URM piers.

Stiffness
Young modulus ? En 2.1 GPa
Shear modulus 2 Gm 420 MPa
Shear strength
Tensile strength P fi 0.345 MPa
Cohesion © c 0.23 MPa
Coefficient of friction © U 0.43
Masonry density ? Om 1750 kg-m—3
Brick length € Ly 120 mm
Brick height ¢ H, 55 mm

2 From Gambarota and Lagomarsino [39]. P The tensile strength is taken as 1.5 times the cohesion, as suggested
by Petrov¢ic¢ et al. [44]. © From Magenes and Calvi [45].

Table 2. Calculated values of the parameters of the hysteresis.

® B ¥
High wall 0.9885-0.99 0.82 0.6
Small wall 0.9438-0.9446 0.53 0.3

The experimental results of the high and small walls are shown in Figure 9a,b re-
spectively. As expected by Anthoine et al. [38], the two walls exhibit quite different cyclic
behaviors and have different modes of failure. The high wall exhibits large displacements
without significant strength loss and with limited energy dissipation. This is typical of rock-
ing failure where only small cracks occur, leading to limited energy dissipation. In contrast,
the small wall exhibits significant strength loss and much higher energy dissipation. This is
due to diagonal crack failure.

The responses of the high and small walls as predicted with the DFM are shown
in Figure 9c¢,d, respectively. The quality of numerical results can be evaluated regarding
the ability of the model to predict both the envelope curve and the hysteresis behavior.
Whether it be for the small wall or the high wall, the macro model succeeds in predicting
well the envelope curve and the post-failure part. The major difference occurs for small
displacements for the small wall, where the model slightly overestimates the strength in the
positive direction and underestimates its initial rigidity. That observation can be explained
by the inability of the model to predict an asymmetrical cyclic response for the masonry.
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Figure 9. Force/displacement curves for the tests by Anthoine et al. [38]: (a) experimental results for
the high wall; (b) experimental results for the small wall; (¢) DFM numerical results for the high wall;
(d) DFM numerical results for the small wall. The dashed red lines are the experimental envelope
curves.

The DEM also succeeds in predicting cyclic behavior with quite good accuracy. For
the high wall, the experimental curve exhibits a behavior with a pinching at the highest
cycle that is not well reproduced with the model. Yet, the model can well reproduce the
rest of the loops and provide a good prediction of the plastic deformation. The small wall
has more cracks during the test and the model does not provide a good prediction of the
dissipated energy for small displacements. This can be explained by the use of a bilinear
envelope curve that does not consider a softening behavior after the occurrence of cracks.
However, once the ultimate strength of the wall has been reached, the DFM succeeds in
giving a good prediction of the hysteresis loop.

4.2. Wide Walls with Openings

The second validation test involves simulating a wall with openings, utilizing the ex-
perimental campaign conducted by Reyes et al. [41,42]. This experimental campaign, which
is described in the two articles, encompasses a series of tests on URM and retrofitted walls.
For the validation of the DFEM, the focus is exclusively on the unreinforced adobe wall.

The tested wall is shown in Figure 10a. Its design is inspired by the typical architecture
of heritage earthen structures in Colombia. On each side of the wall, there is a short buttress
to account for the influence of the perpendicular walls (not shown in Figure 10a). On the
wall, concrete blocks are used to exert a total vertical force of 51.86 kN. The wall’s foundation
is made with a reinforced concrete beam that is connected to the laboratory reaction floor
with post-tensioning anchors. Since nothing blocks the top of the wall vertically, it is
modeled as a cantilever wall. The displacement is applied through a hydraulic jack on one
side of the wall, connected to a system capable of pushing and pulling the wall. The first
displacement has a value of 0.2 mm and is increased every cycle by a factor of 1.4 until
reaching the value of 15.8 mm.
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Figure 10. (a) Scheme of the walls tested by Reyes [42]; (b) the wall as it is modeled in ATLAS [43].

Table 3 shows the mechanical properties of the adobe wall. Most parameters have
been determined using the data from Reyes et al. [41,42]. The elastic properties of the adobe
wall are not reported in these articles. However, the elastic properties of the rammed earth
wall are reported. The cyclic tests of the two walls show that both walls have similar initial
stiffness. Therefore, the elastic modulus and Poisson’s ratio of the rammed earth wall in
Reyes et al. [42] are assumed to be the elastic properties of the adobe wall. The cross-section
of the lintels is determined based on the figures in the two articles.

Table 3. Mechanical properties for the unreinforced adobe walls with openings.

Stiffness
Young modulus b Em 200 MPa
Poisson’s ratio P VUm 0.15
Shear Strength
Tensile strength @ fi 27.5 kPa
Cohesion @ c 15 kPa
Friction coefficient @ U 0.86
Masonry density ? Om 1850 kg-m 3
Properties of Lintels
Young modulus ¢ E 9 GPa
Poisson’s ratio € v 0.2
Section P A 15 x 15 cm?
Lintel density © 01 700 kg-m 3

2 From tests performed on adobe prisms and the mortar by Reyes et al. [42]. P From the data given by Reyes et
al. [41,42]. € From Sandoval et al. [46], who worked on this experimental campaign.

The thick beam elements in Figure 10b represent the lintels above the openings. They
are not centered on the opening because of a modeling choice: it has been decided to reduce
the size of the lintel to the closest element node. As a consequence, the modeled lintel is
always of the same size or smaller than the real one.

The experimental results obtained for the adobe wall are shown in Figure 11a and
the force/displacement curve obtained with DFM is shown in Figure 11b, where the red
dashed line is the envelope curve of the experimental results. The model underestimates
the initial stiffness of the adobe wall in the pulling direction, but the difference remains
low. Regarding the maximal strength of the wall, it is overestimated by 20% in the pushing
direction, but it was well estimated in the pulling direction. The reason behind this
overestimation of the maximal strength of the wall in the pushing direction is related to the
use of a bilinear curve for the shear behavior of the DFM. This choice results in excessively
high stiffness for small displacements and, thus, overly high strength for the wall.
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Figure 11. (a) Experimental cyclic response of the adobe wall [41]; (b) numerical cyclic response. The
red dashed line is the envelope of the experimental curve, the continuous line is the DFM result.

To improve the results of the DFM, it is possible to use a trilinear behavior for the
diagonal struts, as the displacement and the force at the occurrence of the cracks and the
ultimate state are given by Reyes et al. [41]. The new envelope curve for the diagonal
elements is given in Figure 12a with the values of the parameters. With such an envelope
curve, the diagonal strut has a hysteresis behavior as soon as its deformation is higher
than the displacement, d.,, defined in Figure 12a. Figure 12b shows the result of the
model with this enhancement. As expected, the envelope curve is better predicted by
taking a trilinear curve for the diagonal elements. The error now is approximately 15%,
which is satisfactory knowing that there are uncertainties linked to the material properties.
However, the behavior in the pulling direction is less accurate than the trilinear behavior.
This limitation stems from the application of a symmetric constitutive law, which fails to
account for the asymmetric behaviors intrinsic to an actual wall, including its tendency to
experience rocking.
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Figure 12. (a) Trilinear force/displacement law for the diagonal struts; (b) results with the trilinear
model. The red dashed line is the envelope of the experimental curve. The continuous line is the
DFM result.

The average values for the parameters defining the hysteresis are calculated with
Equations (15)—(19). Since the DFM macro-elements modeling the walls do not have the
same vertical load or the same shape, the values vary from one element to another. The
average values for «, 8, and <y are 0.87, 0.4, and 0.1, respectively.

As stated above, the lintels in the model do not have the same lengths as the real ones
for a mesh size purpose. Since the mesh is coarse, the lintels in the model can be quite
smaller compared to the real ones. To evaluate the influence of this simplification on the
results, three different meshes are compared (Figure 13). The first case is the one used
above (intermediate lintel lengths). The second case corresponds to an extension of the
lintel to the closest node (long lintels). The last case involves the modeling of the lintel only
above the opening and not in the masonry (short lintels).

The push-over curves of the three cases are shown in Figure 14. This figure shows that
the modeling of the lintels has a slight influence on the push-over behavior of the walls. In
order to correctly reproduce the experimental results, the choice was made to model the
lintels thanks to elastic beam elements in addition to the masonry with DFM elements. Since
the lintels have elastic behavior, this does not add a noticeable extra computational time.
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Figure 13. (a) Used lintels modeling for Figures 10-12; (b) modeling with long lintels; (c) modeling
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Figure 14. Push-over curves of the three cases in Figure 13.

5. Conclusions

In this paper, the DFM, a new finite element macro model used to predict the in-plane
nonlinear cyclic behavior of URM, is proposed. The DFM is structured as a frame made of
horizontal and vertical elastic struts. Within it, diagonal struts are used to simulate all the
dissipative phenomena that occur during in-plane cyclic loads. The DFM’s behavior is defined
with only 8 DOF—namely the vertical and horizontal displacements at each vertex).

The modeling of a masonry structure with the DFM is straightforward. It is not
necessary to identify specific components within the wall (piers and spandrels), as the
presence of openings is directly accommodated through the model’s meshing technique.
Additionally, the incorporation of extra features, such as reinforcements, is effortless. They
are integrated using the same nodes employed for the DFM. This method ensures that the
addition of extra elements necessitates a small increase in the number of degrees of freedom
(DOF), maintaining the model’s simplicity and computational efficiency. Although this
modeling strategy may result in the additional elements not being represented to their full
extent as they exist in reality, the impact on the overall behavior of the wall is minimal.

The calibration of the DFM involves a modest number of parameters: two for assessing
the rigidity of the elements and seven for determining their ultimate strength. This require-
ment can be further simplified into five parameters for ultimate strength when adopting
Mohr—Coulomb’s constitutive behavior for maximum stress, as opposed to the approach
proposed by Mann and Muller [36]. All the parameters can be determined through basic
experiments, simplifying the calibration process of the DFM. Furthermore, there is no need
for a homogenization strategy or the identification of phenomenological parameters to
adjust the behavior of the modeled masonry. This convenience sets the model apart from
others in the literature. Such an efficient approach allows the model to accurately predict
the in-plane cyclic behavior of masonry walls.
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The DFM has been integrated into ATL4S, an FE toolbox developed for Matlab, and
used to model the experimental campaigns conducted by Anthoine et al. [38] and Reyes
et al. [41]. In these two series of tests, masonry walls were subjected to in-plane cyclic
loading until failure. Anthoine et al.’s tests [38] were performed on URM piers and Reyes
et al.’s tests [41] on wide masonry walls with openings. For the modeling of these tests,
both the material and geometrical properties of the masonry walls were taken prior to
the simulations from the articles describing the experimental campaigns. The comparison
between the results of the numerical model and the experimental data shows the ability
of the model to accurately predict the initial stiffness and the maximum shear strength of
the walls. Remarkably, the model achieved a commendable approximation of the walls’
hysteretic behavior using merely three parameters. The evidence provided by these two
modelings positions the DEM as a trustworthy and easy-to-implement model for the
prediction of the seismic response of a masonry structure.
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Nomenclature

List of abbreviations

CSM composite spring method

DFM deformable frame model

DM-MVLEM double-modified multiple vertical-line-element method
DOF degrees of freedom

EFM equivalent frame model

ESM equivalent strut model

MFE macro-frame element

MP multi-pier

MVLEM multiple vertical-line-element method

RBSM rigid body spring model

REM rigid element model

RMEM rigid macro-element model

SAM simplified analysis of masonry

UM unified method

URM unreinforced masonry

List of symbols

b parameter accounting for the element slenderness

bgiag new definition of the parameter b used for the DFM

c masonry cohesion

c masonry cohesion as proposed by Mann and Muller
dinax maximum displacement reached in the opposite direction by the DFM diagonal strut
dy displacement at the ultimate strength of the DFM diagonal strut
En masonry Young modulus

fy masonry tensile strength

F, ultimate strength of the DFM diagonal strut

F, vertical force applied on the macro-element

fo1 masonry shear strength for the diagonal cracking failure
foo masonry shear strength for shear-sliding failure

G masonry shear modulus

H, brick height
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hejem macro-element height

hyy ¢ height of the area of influence of a horizontal strut

hy, height of the considered masonry part

Ky DFM diagonal strut initial stiffness

Ka,i initial stiffness of the diagonal strut i

K; DFM horizontal strut in-plane stiffness

Ky DFEM vertical strut in-plane stiffness

L, brick length

Letem DFM width

Ling width of the area of influence of a vertical strut

Lin width of the considered masonry part

tm thickness of the considered masonry part

uy longitudinal elongation of the diagonal strut

Uy vertical displacement of the top nodes of the DFM

o parameter accounting for the cyclic damage in the masonry

B parameter accounting for the cyclic shear behavior of masonry
0% parameter accounting for plasticity in the hysteretic behavior
4 strain tensor

Oolem angle of the macro-element diagonal strut with the horizontal axis
oy vertical stress applied on the macro-element

g Stress tensor

Um masonry Poisson’s ratio

vy lintel Poisson’s ratio

U coefficient of friction of masonry

n coefficient of friction of masonry as proposed by Mann and Muller
Om masonry density

01 lintel density

Appendix A. Definition of the Rigidity of the Struts
Appendix A.1. Vertical Loading

To determine the rigidity of the different struts of the DFM, consider the modeling of
a wall of height (h,,), width (I,;), and thickness (t,;) with a DFM element and an isotropic
2D medium, as shown in Figure 2. It is subject to a uniformly distributed vertical force (F;)
that leads to a uniform displacement (1) at the head of the wall. The wall has a Young
modulus (E;;) and a shear modulus (Gy,).

The rigidity of the DFM elements is determined by considering an equivalency of
internal virtual work between the two situations.

The internal virtual work for the 2D medium is determined by the internal strain
energy with the following equation:

=3[ e 9

In this equation, ¢ is the stress tensor for the wall and ¢ is the strain tensor. For the 2D

medium with the current loading, the internal strain energy is as follows:

= o~ e

where o is stress, ¢ is strain, and V is the volume of the wall. Since the wall material is
considered linearly elastic, the Hooke’s law is as follows:

oc=E, ¢
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The strain due to the displacement, u, is considered uniformly distributed along the
height of the wall; therefore, we have the following;:

s—A—h—uv
T h hy

Putting it all together, the internal virtual work can be calculated as follows:

1 1 U
Wine = EEm'gz'hm'tm'lm = Elm'tm'ﬁ
Consider the DFM element as shown in Figure 2b. The internal work for the element
is determined by considering the elastic energy stored in all the struts in the configuration
shown in the figure.
Wint =2X (Wint,v + Wint,d)

In this equation, W, , is the energy stored in a vertical strut, and W;,; ,, is the energy
stored in a diagonal strut. The deformation of the vertical strut is 1, and the deformation
of the diagonal strut is #,. The energy in the vertical and the diagonal strut can be written,
respectively, as follows:

%

Winto = 0.5 F, - ity = 0.5- Ky - ity - ity = 0.5- Ky - 1>
_)

Wintg =05 Fy -1y = 05-Ky- 11 - g = 0.5 - Ky - u3

It is possible to determine the displacement, 1, in the function of u; as shown in
Figure Al. Using the right-angled triangle is possible because of the assumption of small
displacements.

Fv/z A

Ug

Figure A1. Zoom in of a node of the DFM to see the connection between 1, and u;.

The value of u; knowing uy is uy = u, - cos 0 with 6 defined in Figure A1.
Therefore, the internal stored energy can be written as follows:

Wint = 2(Wint,o + Wina) = Ko - u3 + Ky - u5 = Ko - u + Ky - cos? 0 - 12

The equivalence between the two models is expressed by the following equation,
which is equivalent to Equation (3).

1 u?
§'Em'lm'tm'ﬁ

The same strategy can be followed to find Equation (4).

=Ky -2+ Ky -cos? 6 -u?
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Appendix A.2. Shear Loading

The case of shear loading is shown in Figure A2 for the homogeneous and isotropic
2D medium and the DFM under shear loading.

Fn/2

B Im g2, h
m D — 3
) =

w Y VLU
(a) (b)

Figure A2. Masonry element under shear loading modeled with (a) a homogeneous and isotropic
medium; (b) the DFM (the deformed configuration is dashed).

For the homogeneous and isotropic 2D medium, the internal energy is expressed by
the following equation:

1 1 42
Wintz5///(g~g>dV:§Gm.tm.1m.ﬁ

For the DEM, only the diagonal struts are deformed under shear load. This results in
the following equation:

Wi,y = Z(O.S-ﬁ'ﬂ) =2(05- Kyitg - 1})) = Ky - 12 - sin?(0)

The equivalence between the two models is expressed by the following equation,
which is another way of writing Equation (5).

2

le bt Ly - T K- uﬁ . sinz(ﬂ)
2 hy
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