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A B S T R A C T   

In this paper, the in-plane flexural drift capacity of masonry walls is numerically investigated. In particular, a 
nonlinear truss-based model is specifically developed to predict the monotonic response of in-plane horizontally- 
loaded masonry walls undergoing flexural failure, so that to investigate their deformation capacity. This novel 
modelling strategy assumes a band of nonlinear truss elements at the wall toe to account for flexural failure. The 
truss elements are supposed no-tension with plastic-softening behaviour in compression. This simple and original 
model is easily and fully characterizable by experimentally-based compressive stress–strain relationships avail
able in the literature for different masonry types. The modelling strategy is validated against two different pier- 
scale experimental tests which experienced flexural failure. The model is then used to predict the flexural drift 
capacity of walls with different masonry types and geometrical features, subjected to a full-range of axial load 
ratios. As a result, drift capacity is found to nonlinearly decrease while increasing the axial load ratio, and to be 
sensibly dependent on the wall width (i.e. drift capacity diminishes while increasing wall width), for any ma
sonry type. Finally, a simple analytic expression based on numerical results is deduced for the flexural drift 
capacity of masonry walls, function of axial load ratio, masonry type, and wall size. Accordingly, this analytic 
expression could be implemented in any structural analysis masonry-oriented commercial code to account for a 
consistent description of the flexural drift capacity of masonry walls.   

1. Introduction 

The structural assessment of existing masonry buildings is typically 
pursued by means of numerical tools, which showed a considerable 
development in the last decades (D’Altri et al., 2020). Four main cate
gories of numerical models, which attempt to deal with the complex 
masonry mechanics (Almeida and Lourenço, 2020; Drougkas et al., 
2019; Milani and Taliercio, 2016; Cavalagli et al., 2013; Baraldi et al., 
2018), can be recognized (D’Altri et al., 2020): (i) block-based models, 
which idealize the structure block-by-block (Nodargi et al., 2019; Lan
cioni et al., 2013; Smoljanović et al., 2018; Chisari et al., 2018; Serpieri 
et al., 2017), (ii) continuum models, which adopt equivalent homoge
neous continua (Bacigalupo et al., 2021; Addessi and Sacco, 2016; 
Clementi et al., 2018; Di Nino and Luongo, 2019; Gatta et al., 2018; 
Nodargi and Bisegna, 2019), (iii) geometry-based models, where the 
structure is idealized as a set of rigid bodies in equilibrium (Cavalagli 
et al., 2016; Angelillo, 2015; Gáspár et al., 2021; Portioli et al., 2015) 
typically adopting no-tension relations (Tralli et al., 2020), and (iv) 
macroelement models (Lagomarsino et al., 2013; Chácara et al., 2019; 

Malomo and DeJong, 2021; Raka et al., 2015; Di Nino et al., 2017), 
where the structure is idealized into panel-scale structural components. 
In particular, macroelement models (also called equivalent frame 
models) are the most widely utilized tools by practitioners for the 
seismic assessment of masonry structures, given their computational 
efficiency and their easy mechanical characterization (Cattari and 
Magenes, 2021). The structural components (piers and spandrels) have 
to be identified on the structure a priori (Cattari et al., 2021), typically 
pursuing damage observations on actual buildings. Accordingly, the 
mechanical characterization of the model is governed mainly by the 
mechanical behaviour of the masonry pier. 

The mechanical response of a masonry pier subjected to horizontal 
loading is generally characterized by the stiffness, strength and defor
mation capacity (commonly represented by the drift at near collapse, 
also called ultimate drift). In general, these features depend on the 
masonry type (which could be variegated (Zhang et al., 2017), di
mensions, boundary conditions, and failure mode (Celano et al., 2021). 
Typically, three kinds of failure mode can be observed in masonry walls: 
(i) flexural, (ii) diagonal shear, and (iii) sliding failures. 
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On the one hand, simple analytical models exist from a long time 
(Turnšek and Sheppard, 1980; Turnšek and Čačovič, 1971; Mann and 
Müller, 1982) to estimate the strength of in-plane-loaded masonry walls, 
and they generally provide reliable predictions of the wall strength. On 
the other hand, the prediction of the deformation capacity of in-plane- 
loaded masonry walls results more challenging and more investigation 
appears to be needed (Petry and Beyer, 2015; Messali and Rots, 2018). 
This aspect is also reflected by national and international technical 
standards, which indeed suggest very simplified empirically-based laws 
for drift at failure of masonry walls, typically based on quasi-static cyclic 
experimental tests on masonry piers (Morandi et al., 2021; Rezaie et al., 
2020). However, these tests are very expensive, and the range of 
applicable boundary conditions appears quite limited. A comprehensive 
review of flexural drift capacity models in international standards, 
guidelines and literature can be found in (Messali and Rots, 2018; Petry 
and Beyer, 2014). Here, it is just stressed the fact that no available drift 
capacity model accounts for the masonry type (i.e. the material prop
erties of the wall). In this context, Eurocode EC8-3 (CEN, 2005) supplies 
an estimate of flexural drift capacity at near collapse only based on the 
ratio between the shear span (the distance between the height of null 
moment and the wall base) and the wall height, while the Italian code 
NTC (Technical Norms, 2018) and its commentary (Commentary, 2019) 
suggest an estimate of flexural drift capacity only function of the 
boundary conditions (cantilever or not). Only the Swiss masonry stan
dard SIA D0237 (SIA, 266. Mauerwerk, 2015) appears to estimate the 
drift capacity as function of the axial load ratio (ALR), i.e. the axial stress 
of the panel normalized with respect to the masonry compressive 
strength, without however distinguishing the drift capacity between 
flexural or shear failure modes. 

The challenging estimation of drift capacity of masonry piers is also 
reflected in equivalent frame models, currently used by practitioners, 
which generally adopt a priori constant conventional values of drift at 
near collapse: typically, 0.6% for flexural failure and 0.4% for shear 
failure, independently from the ALR (D’Altri et al., 2021). Although the 
ALR of masonry walls in existing buildings in static conditions is 
generally lower than 25% (Petry and Beyer, 2014), the ALR could 
significantly increase due to stress redistribution along with pushover 
analyses, leading the aforementioned assumption on drift at near 
collapse to be unsafe for high values of ALR. 

An effort to address accurate predictions of the flexural drift capacity 
of masonry piers has been lately investigated through analytical models. 
An analytic formulation for the prediction of flexural drift capacity of 
masonry walls based on local performance limits in the compressed wall 
toe was developed by Benedetti & Steli (Benedetti and Steli, 2008), then 
extended to more general cases (in terms of shear span) by Petry & Beyer 
(Petry and Beyer, 2015). These models are based on the assumption of 
an elastic plastic material in the compressed zone with a limited 
compression strain, given that, in flexural failure, vertical splitting 
cracks appear in the bricks of the compressed toe, typically starting from 
the second bed joint from the bottom. An extension of the Petry & Beyer 
model to shear failure has been presented by Wilding & Beyer (Wilding 
and Beyer, 2017) through the so-called Critical Diagonal Crack model. 
This model has been then simplified into an equation suitable for code 
implementation in (Wilding and Beyer, 2018), where the predicted drift 
capacity agreed with test results and highlighted the influence of the 
ALR and dimensions on drift capacity. Although these models are 
elegant, they are not able to take into account the masonry properties in 
evaluating the drift capacity. Also, they are based on few simplistic as
sumptions without experimental evidence, e.g. in defining the length of 
the compressed zone at the wall toe in near collapse conditions. 

To the best of the authors’ knowledge, the only attempts to estimate 
the in-plane drift capacity of masonry walls through a numerical model 
have been carried out by Dolatshahi et al. (Dolatshahi et al., 2018), 
through a block-based model which implements 3D blocks and cohesive 
interface surface elements, and by Orlando et al. (Orlando et al., 2016), 
through total strain crack and a plastic models. The first approach 

represents an accurate solution for the simulation of quasi-static cyclic 
tests on masonry piers, and very interesting results can be found in 
(Dolatshahi et al., 2018), for both flexural and shear failures, where also 
the size effect is observed. However, a large number of parameters need 
to be known or calibrated to mechanically characterize the model 
(indeed, only one masonry material has been considered in (Dolatshahi 
et al., 2018), and these parameters could have a significant influence on 
the drift capacity. Also, such block-based model appears to have a 
nonnegligible computationally demand given the use of 3D damaging 
blocks with softening and cohesive interface elements, which would in 
general limit the use in a wide range of materials, dimensions and 
boundary conditions. The latter approach (Orlando et al., 2016) repre
sents an efficient solution for the analysis of masonry panels. However, 
the mechanical characterization of a 2D homogeneous continuum ap
pears not trivial. Indeed, many mechanical parameters have been tuned 
by the authors in (Orlando et al., 2016) to fit experimental results. In this 
framework, homogenization-based procedure with nonlinear interfaces 
could be employed to recover homogenized mechanical properties in 
simplified numerical approaches, see for example (Bertolesi et al., 2016; 
Addessi et al., 2021). 

In addition, according to the authors’ experience (see e.g. (D’Altri 
et al., 2021), the use of 2D and 3D continuum models and block-based 
models with nonlinear continuum laws appears nontrivial even on 
simple benchmarks such as masonry piers, whose response may be, 
indeed, significantly influenced by many factors (e.g. top warping, 
transverse confinement, etc.), as well as convergence and regularization 
issues may appear given the constitutive laws with softening. Also, the 
simulation of no-tension materials with crushing failure appears not 
trivial through this kind of models. 

In this framework, this paper aims to present the simplest numerical 
model able to predict flexural drift capacity of masonry walls (shear 
failures will be investigated in future research). The simplicity of the 
model is a crucial aspect as a comprehensive investigation of the flexural 
drift capacity of walls with different masonry types, aspect ratios and 
global sizes subjected to a full-range of axial load ratios would require:  

- a simple and easy mechanical characterization of the model, possibly 
based on literature data;  

- a very limited computational effort of the model to guarantee a large 
number of numerical simulations in a reasonable amount of time;  

- a robust response of the model, without algorithmic convergence/ 
solution issues. 

In this paper, the in-plane flexural drift capacity of masonry walls is 
investigated through a nonlinear truss-based model specifically devel
oped to predict the monotonic response of in-plane horizontally-loaded 
masonry walls undergoing flexural failure. The trusses are supposed no- 
tension with plastic-softening behaviour in compression. Accordingly, 
the model appears easily mechanically characterizable by 
experimentally-based compressive stress–strain relationships which can 
be found in the literature for different masonry types. The height of the 
band of trusses is assumed equal to two rows of blocks, i.e. the zone in 
which crushing failure is typically observed (Petry and Beyer, 2015; 
Dolatshahi et al., 2018). The modelling strategy is validated against two 
different pier-scale experimental tests which experienced flexural fail
ure. The model is then used to predict the flexural drift capacity of walls 
with different masonry types and geometrical features, subjected to a 
full-range of axial load ratios. Finally, a simple analytic expression based 
on numerical results is deduced for the flexural drift capacity of masonry 
walls. 

The paper is structured as follows. Section 2 presents the modelling 
strategy and its validation. Section 3 shows a comprehensive numerical 
prediction of the drift capacity on a full-range of ALR values for several 
masonry types and for several masonry panel geometries. Section 4 
presents an analytic expression for drift capacity based on the numerical 
results. Sections 5 collects the conclusions of this study. 
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2. Modelling strategy 

In this section, the modelling assumptions as well as the model 
characterization and validation are discussed in detail. 

2.1. Modelling assumptions 

The modelling strategy herein proposed accounts for the in-plane 
flexural behaviour of masonry walls. Accordingly, all mechanical non
linearities are lumped at the wall toe. Indeed, as it can be noted in Fig. 1 
(a), the flexural failure (or rocking failure) of a masonry panel subjected 
to vertical (compressive) and horizontal loads is typically characterized 
by the opening of a sub-horizontal crack in the tensile zone and the 
formation of a series of sub-vertical cracks in the compressive zone, i.e. 
crushing (De Falco and Lucchesi, 2007). Consequently, it appears 
reasonable to believe that most of nonlinear phenomena take place in a 
small wall portion in correspondence of the wall toe. Indeed, experi
mental outcomes point out that crushing due to flexural failure typically 
occur within the first two rows of blocks at the wall toe, as also 
considered in the analytic formulation proposed in (Petry and Beyer, 
2015). It should be underlined that these considerations are valid as long 
as no diagonal shear cracks occur, i.e. with a dominating flexural mode 
failure. Indeed, this paper focuses on flexural failure only, leaving shear 
failure modes to future research. 

According to the above considerations, a band of nonlinear trusses 
with vertical axis and height equal to two rows of blocks is introduced at 
the wall toe to account for flexural failure, while the rest of the panel is 
modelled with a linear elastic continuum (Fig. 1(b)). 

The idea at the base of this modelling strategy comes from the 
traditional solution for flexural failure in masonry panels, in which a 
lumped-plasticity hinge is supposed at the wall toe, considering a no- 
tension response and a compressive stress-block with infinite plastic 
deformations. In the modelling strategy herein proposed, a sort of finite- 
thickness hinge with plastic-damaging response is somehow supposed 
through the use of nonlinear vertical truss elements to investigate the 
flexural drift capacity of masonry walls. 

In this model, 2D standard 2-node linear displacement truss elements 
are considered for the trusses, and 2D standard 3-node linear displace

ment plane stress elements are considered for the continuum. The truss 
spacing is here assumed so that each truss represents half block in the 
horizontal direction, i.e. the truss area AT is equal to the area of the top 
surface of half block. As highlighted in Fig. 1(c), truss elements with 
halved area AT/2 are considered at the wall lateral extremities to 
guarantee constant spacing of the trusses and avoid free corners. As 
highlighted by preliminary analyses, the truss spacing and the use of 
truss elements with halved area at the extremities has not been found to 
have a significant influence on the structural response. Nonetheless, the 
truss spacing herein adopted appears reasonable as it represents the 
minimum periodic dimension in common masonry textures. 

The linear elastic behaviour of the continuum could be assumed 
isotropic or orthotropic. In this case, an isotropic continuum is assumed, 
for simplicity, following the calibration of the elastic moduli of masonry 
walls proposed in (D’Altri et al., 2021). The nonlinear constitutive 
model for the truss elements is discussed in the following subsection. 

Concerning the boundary conditions, vertical and horizontal dis
placements are constrained at the lower extremity of the truss elements, 
while only horizontal displacements are constrained at their upper ex
tremity (Fig. 1(b)). These conditions, which are substantially equivalent 
to subtract the shear deformability of two rows of blocks, has not been 
found to significantly influence the structural response in common wall 
dimensions. Accordingly, such an assumption enforces a uniaxial ver
tical stress state at the wall toe, which is indeed strategical in investi
gating the flexural response. 

The wall top edge is constrained through a master–slave kinematic 
condition equivalent to a rigid body, as commonly pursued to account 
for the presence of stiff ring beams on the top of masonry piers (D’Altri 
et al., 2021). Imposed horizontal displacement is applied on the master 
node, while vertical (compressive) distributed load is applied uniformly 
on the top edge. 

2.1.1. Truss nonlinear constitutive model 
Truss elements are supposed no-tension with plastic-softening 

behaviour in compression. Limiting the discussion here to the 
compressive regime, the compressive strain εc is decomposed into the 
elastic part εe

c and the plastic part εp
c as in the incremental theory of 

plasticity: 

Fig. 1. Sketch of the flexural failure in a masonry wall (a) and modelling assumptions (b). Truss spacing at the wall toe (c).  
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εc = εe
c + εp

c . (1) 

The compressive stress σc (assumed positive in compression) is 
related to the effective compressive stress σc through the standard scalar 
degradation relation: 

σc = (1 − dc)σc, (2) 

where dc is the compressive scalar damage variable, dependent on 
the accumulated compressive plastic strain, i.e. dc = dc

(
εp

c
)
. The scalar 

dc can vary from 0 (undamaged) to 1 (fully damaged), and it is a non- 
decreasing quantity, i.e. the damage rate is ḋc ≥ 0. 

Here, the plasticity problem is conveniently formulated in terms of 
the effective stress (Lee and Fenves, 1998): 

σc = E0
(
εc − εp

c

)
, (3) 

being E0 the initial Young’s modulus of the truss. The compressive 
stress σc is then expressed, using (2) and (3), as: 

σc = (1 − dc)E0
(
εc − εp

c

)
. (4) 

Taking into account (1), from (4) it follows: 

εp
c = εc − εe

c, εe
c =

1
1 − dc

σc

E0
. (5) 

The plasticity problem is described by a yield function Fc =

Fc
(
σc, εp

c
)
, which is assumed to have the form: 

Fc = σc − fc
(
εp

c

)
, (6) 

being fc
(
εp

c
)

the yield stress under compression in effective stress, 
with fc = (1 − dc)f c the compressive yield stress, and by a flow rule: 

ε̇p
c = λ̇

∂Fc

∂σc
, (7) 

being λ̇ the rate of the plastic multiplier, as well as the plastic con
sistency condition: 

Fc ≤ 0, λ̇ ≥ 0, λ̇Fc = 0. (8) 

It should be pointed out that the functions dc = dc
(
εp

c
)

and fc = fc
(
εp

c
)

represent the only input of the present constitutive model, and they are 
function of the accumulated compressive plastic strain. In this research, 
the functions dc = dc

(
εp

c
)

and fc = fc
(
εp

c
)

are specified pointwise. 
Also, it should be noted that in (5) both (1 − dc) and σc tend to zero 

for fully damaged materials, given that the maximum actual value of σc, 
i.e. fc, tends to zero for a damaged material. Non-zero residual values 
may be then adopted for (1 − dc) and fc to guarantee convergence in the 
softening regime. Accordingly, dc is herein limited to 0.9 while fc is 
assumed to be not lower than 10%fc0. This simplification does not 
appear to significantly influence the structural response, as highlighted 

in Appendix A where the compressive damage upper limit and the re
sidual stress have been varied in the range 0.85 ÷ 0.99 and 
15%fc0 ÷ 1%fc0, respectively. 

In Fig. 2, an example of a simplified trilinear compressive stress–
strain relationship is shown together with the compressive damage 
evolution (where the compressive strength is denoted with fc0). Partic
ularly, the quantity εc0 refers to the compressive strain at the linear 
elastic limit, i.e. εc0 = fc0/E0, εc1 indicates the compressive strain at the 
end of the plateau, while εc2 is the compressive strain at the end of the 
softening branch. Beyond εc2, compressive damage and stress remain 
constant and equal to the residual values. 

The tensile response of truss elements is supposed to be no-tension. 
Accordingly, the same above considerations for the compressive 
regime are valid also in the tensile regime, although dummy and very 
low tensile strength (e.g. 1 Pa) and ultimate deformation values are 
adopted to practically simulate a no-tension response. It should be noted 
that this assumption appears particularly worthy in truss elements 
(uniaxial behaviour) and is not suggested, e.g., for 2D or 3D continuum 
finite elements to guarantee convergence and stability. 

Finally, it should be highlighted that once one truss element expe
riences tensile strain in its loading history, it is assumed to be unable to 
sustain any possible compressive stress in the following increments, i.e. 
no stiffness recovery is herein considered. This assumption appears 
reasonable as the model aims at predicting the in-plane flexural drift 
capacity of masonry walls subjected to monotonic horizontal loads. 

Furthermore, it is pointed out that the truss elements at the wall toe 
are not further discretized, and so no regularization issues of the soft
ening behaviour can arise. This constitutive model is integrated in the 
Abaqus software (Abaqus, 2019) adopting the backward Euler method, 
also using a material Jacobian consistent with this integration operator 
for the equilibrium iterations. 

2.2. Model characterization 

From Section 2.1 it appears clear that the only aspect that needs to be 
mechanically characterized in the present modelling strategy is the 
compressive behaviour of masonry. Typically, the failure and post- 
failure masonry compressive responses are experimentally measured 
through compression tests on masonry wallets (Jafari et al., 2019; CEN, 
2002). It should be herein underlined that these tests have been widely 
adopted for several masonry types, and indeed several stress–strain re
lationships for masonry under compression have been lately proposed 
(Kaushik et al., 2007; Augenti and Parisi, 2010). 

In compressive tests on masonry wallets, vertical deformations are 
typically measured through linear variable differential transformers 
(LVDTs), which measure variations of vertical displacement. Accord
ingly, the potential outcome of these tests could be represented by both 
stress-displacement and stress–strain curves, where the passage from the 
first to the second can be easily conducted by subdividing the first by the 
initial LVDTs length. It is herein pointed out that the area underneath 
the whole stress-displacement curve can be considered as the compres
sive fracture energy (Jafari et al., 2019). Nonetheless, the experimental 
scientific community generally employs and discusses stress–strain 
curves (Kaushik et al., 2007; Augenti and Parisi, 2010), and the fracture 
energy is evaluated in a few cases only (Jafari et al., 2019). 

In this modelling strategy, the stress–strain curves obtained in 
experimental tests (and/or the ones deduced from experimentations) are 
directly employed in the nonlinear truss elements described in Section 
2.1.1. Accordingly, the resulting compressive fracture energy of a truss 
element consists in the area underneath the stress–strain curve times the 
length of the truss element (lT), which is here assumed to be equal to the 
height of two rows of blocks. This assumption appears reasonable as:  

(i) In experimental campaigns, the initial LVDTs length is generally 
rather close to the height of two rows of blocks, as can be also 
deduced from the reference testing protocol (Cen, 1998). 

Fig. 2. Example of a simplified trilinear compressive stress–strain relationship 
(blue curve) together with compressive damage evolution (red curve). 
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Accordingly, stress–strain curves available in literature (which do 
not directly specify any value of fracture energy) approximately 
imply the compressive fracture energy herein considered.  

(ii) The damaging process in flexural failure of masonry walls is 
typically localized in a small portion at the wall toe which can be 
considered akin to the initial LVDTs length generally considered 
in experimental tests on masonry wallets, and akin to the height 
of two rows of blocks (Petry and Beyer, 2015). 

The experimental stress–strain curves are employed in truss elements 
through a trilinear response approximation (see Fig. 2), for simplicity. It 
should be highlighted that this simplification has not significant effects 
on the structural response of a wall. Indeed, preliminary analyses 
highlighted the substantially negligible influence on the pushover curve 
of assuming a quadrilinear compressive stress–strain curve with hard
ening rather than the trilinear curve here considered. The assumption of 
a compressive trilinear response allows to fully characterize the truss 
response by means of only 4 quantities:  

I. The initial Young’s modulus of the truss (E0)  
II. The compressive strength (fc0)  

III. The compressive strain at the end of the plateau (ε1
c )  

IV. The compressive strain at the end of the softening branch (ε2
c ) 

This simplification guaranties a very simple mechanical character
ization with an acceptable level of reliability. 

2.2.1. Considered masonry types 
Here, five different masonry material types are considered, and their 

description and mechanical characterization are discussed. The analyt
ical models developed by Kaushik et al. (Kaushik et al., 2007) and 
Augenti & Parisi (Augenti and Parisi, 2010) are considered for clay and 

tuff masonry, respectively, while the experimental results obtained by 
Jafari et al. (Jafari et al., 2019; Jafari et al., 2019) are considered for 
calcium silicate masonry. Particularly, reference to the Italian code 
(Commentary, 2019; Technical Norms, 2018) is also made to consider 
reference global mechanical properties of existing masonries (see 
Table C8.5.1 in (Commentary, 2019). The five masonry materials herein 
considered are:  

• CBL: clay brick masonry (lower bound)  
• CBU: clay brick masonry (upper bound)  
• HCB: hollow clay brick masonry  
• TUF: tuff masonry  
• CSB: calcium silicate brick masonry 

On the one hand, lower and upper bounds of clay brick masonry, i.e. 
CBL and CBU respectively, are deduced from the bounds of the range of 
mechanical properties suggested in (Commentary, 2019) for existing 
clay brick masonry, while adopting the stress–strain relationships from 
(Kaushik et al., 2007). The length of the truss elements (lT) has been set, 
according to Section 2.1, equal to 0.12 m for both CBL and CBU. Me
chanical properties for HCB are taken in agreement with (Petry and 
Beyer, 2014), while adopting the stress–strain relationships from 
(Kaushik et al., 2007) and lT equal to 0.39 m. Tuff masonry (TUF) is 
characterized by assuming as Young’s modulus and compressive 
strength the values suggested in the Italian code (Commentary, 2019) 
(regular texture, upper bound), while adopting the stress–strain re
lationships from (Augenti and Parisi, 2010) and lT equal to 0.39 m. 
Reference to these stress–strain relationships (“Ref” curves in Fig. 3) has 
been made to deduce simplified trilinear stress–strain relationships to be 
implemented in the model (“Model” curves in Fig. 3). As can be noted in 
Fig. 3, the trilinear curves reasonably approximate the reference curves. 
This is also highlighted by the fact that the area underneath “Ref” and 
“Model” curves (which represent the compressive fracture energy den
sity) does not significantly differ. 

On the other hand, reference to the experimental campaigns carried 
out by Jafari et al. (Jafari et al., 2019; Jafari et al., 2019), which assessed 
also the compressive fracture energy of the material, is made to char
acterize CSB. Particularly, the Young’s modulus and compressive 
strength values are assumed in agreement with (Jafari et al., 2019), 
while the simplified trilinear stress–strain curve has been set so that to 
obtain an average value of compressive fracture energy (which ranges 
approximately between 10 and 20 N/mm (Jafari et al., 2019; Jafari 
et al., 2019), i.e. 15 N/mm (considering in this case lT = 0.152 m). In 
particular, the compressive strain at the end of the plateau (εc1) has been 
herein assumed equal to the value of peak strain recorded for CSB in 
(Jafari et al., 2019), i.e. 0.59% (Fig. 3). According to (Jafari et al., 2019), 
the compressive fracture energy has been calculated as the area under
neath the stress-axial displacement curve measured over the height of 
the element, i.e. it is equal to the area underneath the compressive 
stress–strain curve times lT. In particular, the compressive fracture en
ergy Gc is here computed as: 

Gc = lT

∫ εc2

0
σcdεc (9) 

The parameters adopted to define the compressive stress–strain 
curves implemented in the numerical model are collected in Table 1 for 
the five considered masonry types. 

2.3. Model validation 

In this section, the modelling strategy is validated against two 
different pier-scale experimental tests which experienced flexural 
failure. 

2.3.1. Hollow clay brick masonry wall 
The wall PUP3 of the experimental campaign carried out at the École 

Fig. 3. Compressive stress–strain relationships for the masonry types consid
ered. “Ref” refers to the reference curve, “Model” refers to the curve imple
mented in the numerical analyses. 

Table 1 
Parameters adopted to define the compressive stress–strain curves implemented 
in the numerical model for the five considered masonry types.  

Masonry type E0[MPa] fc0[MPa] εc1[‰] εc2[‰] 

CBL 1200  2.60  3.70  10.9 
CBU 1800  4.10  4.39  12.9 
HCB 3550  5.85  3.53  10.4 
TUF 1620  3.20  2.50  12.5 
CSB 4265  6.35  5.90  25.0  
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Polytechnique Fédérale de Lausanne (Petry and Beyer, 2015; Petry and 
Beyer, 2014; Petry and Beyer, 2015), which developed a typical flexural 
rocking failure mode, is herein considered as reference. The wall was 
constructed with hollow clay bricks and standard cement mortar and 
had dimensions of H × B × t = 2.25 × 2.01 × 0.20 m. The wall was 
subjected to an axial load of 419 kN (corresponding to an ALR equal to 
18%) and to cyclic shear through a constant shear span of 1.5 times the 
wall height. 

Such wall has been modelled through the numerical modelling 
strategy herein proposed, adopting the mechanical properties of the 
HCB case (see Fig. 3 and Table 1) which were taken in agreement with 
(Petry and Beyer, 2015). In particular, the truss length resulted to be 
lT = 0.4 m and the linear elastic continuum has been characterized, in 
agreement with (Petry and Beyer, 2015), by a shear modulus equal to 
890 MPa and by a Poisson’s coefficient equal to 0.2. 

The comparison of experimental–numerical results is shown in 
Fig. 4, in terms of force–displacement curves (Fig. 4a) and vertical- 
horizontal displacement curves (Fig. 4b, vertical displacement is 
assumed positive downward). Fig. 4 shows that the force–displacement 
and the vertical-horizontal displacement curves are well-predicted by 
the present model. Indeed, both peak base shear and horizontal 
displacement at collapse appear included within the experimental en
velope (displayed for both positive and negative directions, as the shear 
was cyclically applied in the experiments (Petry and Beyer, 2015), 
although the load drop is slightly anticipated by the present model. The 
capability of the present model to simulate flexural failure, up to com
plete collapse of the masonry wall, is clearly showed by the strong 
softening of the force–displacement curve (Fig. 4a) and by the vertical 
displacement which drops sharply (Fig. 4b), as also experimentally 
observed. Of course, the softening of the force–displacement curve is due 

to the damaging of the compressed truss elements (see e.g. Fig. 5), i.e. 
linked to the decrement of the resisting moment they can exert when 
damaged. 

The good predictions of the present model are also highlighted by the 
experimental–numerical comparison of the damage pattern, see Fig. 5 
for two subsequent instants of the test (9.6 and 15.7 mm of horizontal 
displacement). Indeed, the deformed shapes of the present model appear 
in good agreement with the experimental crack patterns, hence con
firming the reliability of the modelling assumptions, e.g. the band of 
nonlinear trusses at the wall toe. The damage pattern of the trusses 
appears also in line with the analytical predictions of Petry & Beyer 
(Petry and Beyer, 2015), i.e. tractions (red lines for the analytical pre
dictions) are observed in mostly the same locations. 

2.3.2. Calcium silicate brick masonry wall 
The wall TUD-COMP-20 of the experimental campaign carried out at 

the Delft University of Technology (Messali et al., 2020), which showed 
a typical flexural failure mode, is herein considered as reference. The 
wall was built with solid calcium silicate bricks and general-purpose 
mortar and had dimensions of H × B × t = 2.76 × 1.1 × 0.102 m. The 
wall was subjected to a vertical precompression of 0.63 MPa (corre
sponding to an ALR equal to 10%) and to cyclic shear with cantilever 
boundary conditions. 

The wall TUD-COMP-20 has been modelled through the numerical 
modelling strategy herein proposed, adopting the mechanical properties 
of the CSB case (see Fig. 3 and Table 1) which were taken in agreement 
with Jafari et al. (Jafari et al., 2019; Jafari et al., 2019). In particular, the 
truss length resulted to be lT = 0.152 m and the linear elastic continuum 
has been characterized, in agreement with (Jafari et al., 2019; Jafari 
et al., 2019), by a Young’s modulus equal to 4256 MPa and by a 

Fig. 4. Hollow clay brick masonry wall experimental–numerical validation: (a) force–displacement curves comparison, and (b) vertical-horizontal displacement 
curves comparison. The analytical results of Petry & Beyer (Petry and Beyer, 2015) are also reported for the sake of comparison. 

Fig. 5. Hollow clay brick masonry wall experimental–numerical validation: damaged pattern of the present model superimposed on experimental measurements 
(grey blocks) and analytical predictions (red lines) from (Petry and Beyer, 2015). 
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Poisson’s coefficient equal to 0.2. Typically, compressive fracture en
ergy values present a high variability and a low reproducibility. This has 
been observed also in the experimental campaigns on calcium silicate 
brick masonry (Jafari et al., 2019; Jafari et al., 2019), in which the 
compressive fracture energy varies approximately between 10 and 20 
N/mm. Accordingly, an average value equal to 15 N/mm has been 
assumed in the simulations. 

The comparison of experimental–numerical results is shown in 
Fig. 6, in terms of force–displacement curves (top left) and damage 
pattern (bottom). In particular, beyond the numerical curve with an 
average value of compressive fracture energy equal to 15 N/mm, the 
curves obtained with 10 and 20 N/mm are also reported in Fig. 6 to show 
the influence of the compressive fracture energy on force–displacement 
curves. As expected, compressive fracture energy has not significant 
influence on the peak base shear load, which appears the same for the 
three red curves in Fig. 6, while it has a significant influence on the drift 
(computed here as the ratio between horizontal displacement and the 
height of the panel) at collapse, which increases by increasing the value 
of compressive fracture energy. The numerical force–displacement 
curve with an average value of compressive fracture energy (15 N/mm) 
appears in a reasonable agreement with the experimental curves (posi
tive and negative as the shear was applied cyclically in the experiment), 
and with the equivalent bilinear curve extracted in (Messali et al., 2020) 
from the experimental results, although the peak base shear load is 
slightly underestimated (the model implements a no-tension response). 

Also in this case, the capability of the present model to simulate flexural 
failure up to complete collapse of the wall is clearly demonstrated by the 
significant drop of the base shear. 

The experimental test has been conducted by applying cyclic shear to 
the wall, and this of course produces a crack pattern characterized by 
crushing at both wall toe lateral extremities (Fig. 6, bottom left). Indeed, 
splitting cracks in the blocks with material expulsion occurred experi
mentally at large drifts (Messali et al., 2020), determining a progressive 
origin of vertical cracks towards the wall central axis. Having this in 
mind, the deformed shape and the damage pattern of the present model 
appear in a reasonable agreement with the experimental crack ones, i.e. 
crushing concerns an area of approximately one block at the wall toe 
lateral extremity. Thereby, the hypothesis of a band of nonlinear trusses 
at the wall toe appeared suitable also in this case. 

3. Numerical prediction of drift capacity 

In this section, the nonlinear truss-based model is comprehensively 
exploited to predict flexural drift capacity on a full-range of ALR values 
for several masonry types and for several masonry panel geometries. For 
simplicity, flexural failure-dominated cantilever walls are the focus of 
this study, although akin considerations could be made on flexural 
failure-dominated guided-fixed walls. In all cases, geometries and 
boundary conditions are chosen so that the dominating failure mode is 
flexural, preventing shear failures. 

Fig. 6. Calcium silicate brick masonry wall experimental–numerical validation: force–displacement curves comparison (top left), and damaged pattern comparison 
(bottom), experimental pictures from (Messali et al., 2020). 
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In this study, the drift δ is computed as the ratio between the wall top 
horizontal displacement and the wall height. Indeed, although several 
drift definitions can be used (CNR DT 212/2013), also inspired by 
reinforced concrete frame literature, the drift definition is herein 
adopted in agreement to the referenced experimental campaigns (Petry 
and Beyer, 2014; Messali et al., 2020). 

Hereinafter, the term ultimate drift δu refers to flexural drift capacity 
of the masonry wall at near collapse, and it is defined as the drift cor
responding to a force degradation equal to 20% of the maximum base 
shear, in agreement with existing literature (Petry and Beyer, 2014; 
Messali et al., 2020). 

The ALR values here considered range from 5% to 80%, and more 
precisely the following ALR values have been considered: 5%, 10%, 
15%, 20%, 25%, 30%, 40%, 50%, 60%, 70%, 80%. In particular, among 
the above values, only the ones resulting greater than or equal to a 
minimum value, i.e. ALRmin, are used in the numerical tests. In partic
ular, ALRmin is defined as the minimum value of axial load ratio needed 
to reach compressive failure in a single truss element (and anyhow 
greater than the ALR generated by dead load of the wall), are consid
ered. Of course, this assumption depends on the hypothesis made on the 
truss spacing, which is here assumed so that each truss represents half 
block in the horizontal direction. Indeed, denser truss spacing would 
have led to lower ALRmin values. However, the assumption here adopted 
on the truss spacing (half block) appears reasonable as it represents, 
beyond the minimum periodic dimension in masonry textures, also the 
minimum physical component which can exhibit crushing in a 
phenomenological sense. Indeed, if vertical cracks appear in half block 
(or in a portion of it), it is reasonable to believe that the full component 
(half block) has undergone failure, as more detailed consideration would 
be very dependent on imperfections/defects of the masonry texture. 
Accordingly, pushover tests on masonry walls with ALR values lower 
than ALRmin would not produce any failure in the truss elements and the 
wall failure would occur through the overturning of the wall, whose 

evaluation is out of the scope of this study. 

3.1. Masonry type 

In this subsection, a H × B = 3 × 2 m cantilever masonry wall is 
considered, and its drift capacity is evaluated for the five masonry types 
described in Section 2.2.1, considering a constant thickness of 0.3 m. For 
each material, the aforementioned range of ALR values is considered. 

By way of example, the typical outcomes of the nonlinear truss-based 
model are collected in Fig. 7 for the material CBU. In particular, Fig. 7a 
shows for the various ALRs the comparison between the maximum base 
shear obtained numerically and analytical strength domains typically 
considered in the literature and codes, see e.g. (D’Altri et al., 2021). As it 
can be noted, the numerical values are in good agreement with the 
flexural strength domain with 85%fc0, i.e. with the stress block hy
pothesis (D’Altri et al., 2021). Hence, for this case the fact of considering 
softening in the compressive behaviour matches the strength domain 
with stress block, whereas a perfect elastic–plastic compressive response 
would have been closer to the strength domain with 100%fc0. In Fig. 7a, 
the shear failure strength domain (Turnšek and Sheppard, 1980) is also 
reported (using τ0 = 0.13 MPa in agreement with (Commentary, 2019) 
to highlight that the problem is flexural failure-dominated. 

The base shear-drift curves obtained numerically are shown in 
Fig. 7b, where it can be clearly noted that the drift linked to a load drop 
decreases while increasing the ALR. In other words, the flexural failure 
becomes less ductile while increasing the ALR. This aspect is further 
highlighted in Fig. 7c, where the ultimate drift is plotted as function of 
the ALR. As it can be observed, the relationship between ultimate drift δu 
and ALR results highly nonlinear and appears reasonably approximated 
by the function: 

δu = αALRβ with α > 0, β < 0 (10) 

Fig. 7. Typical outcomes of the nonlinear truss-based model (material CBU, wall dimensions 3x2 m): (a) maximum base shear compared with analytical strength 
domains, (b) base shear-drift curves, (c) ultimate drift for the range of ALR values, and (d) damage patterns and deformed shapes at failure for ALR 10% and 
ALR 40%. 
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being α and β parameters which can be obtained by standard 
regression procedures, and, in general, they depend on the material type 
and the wall dimensions. 

Finally, Fig. 7d shows damage patterns and deformed shapes at 
failure for the cases ALR 10% and ALR 40%. As it can be noted, the two 
flexural failure modes show significant differences in the number of 
truss elements which exhibited compressive failure, as expected, thus 
limiting the ductility of ALR 40% with respect to ALR 10%. 

It should be herein pointed out that the numerical strategy resulted 
very efficient from a computational point of view. Indeed, each analysis 
shown in Fig. 7b lasted between 30 s and 50 s on a standard commercial 
laptop. 

Following the same workflow just presented, the ultimate drift as 
function of ALR has been computed for the five masonry types consid
ered, see Fig. 8. In particular, the numerical outcomes of the ultimate 
drift-ALR relationships are shown in Fig. 8a, while the numerically- 
based approximating functions obtained by regression are shown in 
Fig. 8b, where they are also compared with the recommendations of the 
Swiss code SIA D0327 (“SIA, SIA 266. Mauerwerk., 2015), that is one of 
the few codes which considers the dependency (linear) of the ultimate 
drift on the ALR, i.e. δu,SIA = 4/3[0.8%(1 − 2.4ALR) ]. As it can be noted, 
all the masonry types show the same trend and all of them appear 
reasonably approximated by Eq. (10). Furthermore, two response types 
can be observed from the responses in Fig. 8. Indeed, a first response 

Fig. 8. Influence of the masonry type on the ultimate drift-ALR relationships (for wall dimensions 3x2 m): (a) numerical results and (b) numerically-based 
approximating curves (compared with the Swiss code SIA D0327 (SIA, 2015). 

Fig. 9. Effects of geometrical features on flexural drift capacity (material CBU): (a) influence of shear span, (b) size effect, (c) influence of wall height and (d) 
influence of wall width. 
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type can be recognized with CBL, CBU, and TUF which show similar 
results in terms of ultimate drift-ALR relationships, while showing a 
consistent gap with another response type, composed of HCB and CSB 
which in turn show similar results between them. This gap appears 
interesting as the first response type (CBL, CBU, TUF) can coarsely 
represent the materials in existing masonry structures, while the second 
response type (HCB and CSB) can coarsely represent materials in new 
structures. Accordingly, a significant gap in the ultimate drift-ALR re
lationships can be observed between existing and new materials. Finally, 

it should be pointed out that, for this case, the Swiss code SIA D0327 
(“SIA, SIA 266. Mauerwerk., 2015) appears to safely predict the ultimate 
drift for new materials (Fig. 8b), while it can overestimate the ultimate 
drift for existing materials. 

3.2. Geometrical features: Shear span, size effect, and aspect ratio 

In this subsection, the effects of the geometrical features in terms of 
shear span, size effect and aspect ratio of the wall are investigated 
(Fig. 9). 

Firstly, the influence of shear span on the ultimate drift of masonry 
panels is analysed (Fig. 9a). In particular, the material CBU and square 
panels 2x2 m are considered. In the present case, the shear span is 
modified by moving the point of application of the horizontal load 
(through a master–slave kinematic constrain), so that to change the 
bending moment distribution along with the panel axis (Fig. 9a). As can 
be noted in Fig. 9a for a 2x2 wall, the shear span appears to not 
significantly influence the ultimate drift by passing from a shear span of 
2 m (standard for this study) to a shear span of 3, 6, and 10 m (H3, H6 

Fig. 10. Normalized maximum base shear compared with analytical strength domains (top) and numerical ultimate drift values together with analytic predictions 
(bottom) for a number of masonry wall dimensions: (a) CBL, (b) CBU, (c) TUF, (d) HCB, and (e) CSB material types. 

Table 2 
Parameters of the analytic expression for the five material types considered.  

Masonry type α1 α2 β1 β2 β2 

CBL  − 0.0230  − 0.0865  − 0.0090  0.1131  − 1.0675 
CBU  − 0.0310  0.1052  − 0.0094  0.1054  − 1.0465 
TUF  − 0.0260  0.0923  − 0.0180  0.2160  − 1.4493 
HCB  − 0.0410  0.1355  − 0.0146  0.1868  − 1.4458 
CSB  − 0.0470  0.1425  − 0.0087  0.1466  − 1.4675  
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and H10, respectively). 
Secondly, the size effect on drift capacity of masonry panels is ana

lysed (Fig. 9b). The size effect on drift capacity has been already 
observed experimentally (Petry and Beyer, 2014). In particular, Petry & 
Beyer (Petry and Beyer, 2014) detected a considerable size effect which 
leads to smaller drift capacities with increasing wall dimensions. 
Squared panels are considered with a CBU material (Fig. 9b). As can be 
noted, the ultimate drift shows significant differences between 2x2 and 
4x4 walls, being the ultimate drift of the 4x4 systematically and 
significantly lower than the one of the 2x2 wall for a range of ALR 
values. Accordingly, a remarkable size effect is observed between the 
standard walls 2x2 and 4x4, with the same trend observed experimen
tally. Of course, these two walls have truss elements with the same lT 
(and same compressive fracture energy), as the numerical strategy 
described in Section 2 requires. 

To further understand this outcome, a 2x2 wall is scaled uniformly in 
both directions of a factor 2, so that to obtain a 4x4 wall (“4x4 scaled 
from 2x2” in Fig. 9b). It should be noted that this “4x4 scaled from 2x2” 
has truss elements with a double length (and so double compressive 
fracture energy as the truss mechanical properties have been kept con
stant) and double truss spacing, and shows ultimate drift values prac
tically coincident with the standard 2x2 wall (Fig. 9a). In addition, a 
case in which the compressive fracture energy of each truss element has 
been halved (by adopting a stress–strain curve Fig. 3 with halved area 
subtended) so that to obtain a consistent value of compressive fracture 
energy with the standard cases 2x2 and 4x4, named “4x4 scaled from 
2x2 (Consistent)”, is also shown in Fig. 9b. As can be noted, the ultimate 
drift values of the “4x4 scaled from 2x2 (Consistent)” result very similar 
to the 4x4 standard case. Thus, the size effect appears mainly due to the 
fact that the length of the truss elements lT is kept constant (so that the 

compressive fracture energy, which can be seen as a property of the 
material, remains constant) while the wall dimensions change. This 
aspect appears reasonable, as in general the localization of the crushing 
phenomenon does not scale with the wall dimensions, since it can be 
seen as a constant material property of the masonry type itself (typically 
close to a height of two blocks). The case “4x4 scaled from 2x2 
(Consistent)” also highlights that the truss spacing has a substantially 
negligible effect on the numerical results, as it was also observed in 
preliminary analyses (by halving and doubling the truss spacing). 

Thirdly, the influence of the wall height H, which modifies of course 
the wall aspect ratio, is investigated by progressively increasing the 
height H of the wall, passing from 2 m to 3 and 6 m (Fig. 9c). Lower 
heights (i.e. aspect ratios lower than 1) are not considered here to 
guarantee a flexural-dominated failure mode. Passing from a height of 2 
m to 3 m, the ultimate drift slightly increases for the range of ALR values 
considered, while it significantly increases for a height of 6 m. However, 
if the horizontal displacement is measured at the same height of 2 m 
(“D2” in Fig. 9c), it can be noted that the aspect ratio has a significantly 
lower influence on the ultimate drift, almost null for 3x2 D2. On the one 
hand, top rotation, drift, and bottom rotation mostly coincide for the 2x2 
wall. On the other hand, these quantities significantly diverge for the 
6x2 wall, suggesting a considerable amount of horizontal displacement 
due to elastic deformation of the 2D continuum. Accordingly, the in
fluence of the wall height on the ultimate drift appears to be dependent 
by the way the drift is measured, as with high values of aspect ratios (e.g. 
3) the elastic deformation has a significant role. Therefore, only aspect 
ratios lower than or equal to 2 are considered in the following, as higher 
values of aspect ratio would need specific considerations on the way the 
drift has to be measured, which are out of the scope of the present paper. 
Consequently, with aspect ratios lower than 2 the influence of the wall 

Fig. 11. Analytic expression to predict ultimate drift: (a) theoretical behaviour, and (b) a posteriori verification (CBU material).  

Fig. 12. Influence of damage variable upper limits and the residual stress values on the panel response (material CBU, wall dimensions 3x2 m, ALR 30 %). Base 
shear-drift curves for cases with damage upper limit equal to 0.85 (with residual stress 15%fc0), 0.90 (with residual stress 10%fc0), 0.95 (with residual stress 5%fc0), 
and 0.99 (with residual stress 1%fc0). 
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height H on the ultimate drift appears negligible (and anyhow included 
within the uncertainties which characterized the hypotheses of the 
present model) and it is not considered in the following. 

Finally, the influence of the wall width B is investigated numerically 
on masonry panels with different widths and constant height (Fig. 9d). 
As highlighted above, the wall height H has a marginal role in the ul
timate drift (and some differences are mainly attributable to the elastic 
bending deflection of the panel when particularly thin). Accordingly, the 
width of the wall B can be seen as the physical quantity that rules the 
size effect (Fig. 9b), see Fig. 9d. Indeed, a significant reduction of the 
ultimate drift for a range of ALR values is observed by passing from a 3x1 
wall to 3x2 and 3x3 walls. This is observed also in the case “3x1 D1”, i.e. 
when the horizontal displacement is measured at the height of 1 m so to 
substantially subtract the elastic bending deflection contribution from 
the results. Thus, Fig. 9d highlights that the size effect on flexural drift 
capacity of masonry walls exists, and it is mainly governed by the width 
of the wall (B). 

4. Numerically-based analytic expression for drift capacity 

Summing up the outcomes of Section 3, the flexural drift capacity of 
masonry walls appears significantly influenced by the axial load ratio, 
the material properties (masonry type), and the size of the panels, 
directly linked to the width B of the panels. Accordingly, a numerically- 
based analytic expression (function of ALR, masonry type, and B) is here 
investigated for the drift capacity of masonry panels. A number of ma
sonry walls with different dimensions (i.e. 1.5x1, 3x2, 6x4, and 12x8 m) 
and constant aspect ratio (i.e. 1.5) are analysed for the five masonry 
types described in Section 2.2.1 and for the full range of ALR values 
(Section 3). The results of the analyses are shown in Fig. 10, in terms of 
normalized maximum base shear (i.e. maximum numerical base shear 
normalized to the maximum value of the flexural failure strength 
domain with 85%fc0) compared with analytical strength domains, and 
ultimate drift values, which were then used to calibrate the analytic 
expression. 

On the one hand, the normalized maximum base shear results 
(Fig. 10) highlight a size effect for all masonry types, which becomes 
significant for ALR values greater than 25%. In particular, decreasing 
normalized maximum base shear values are obtained while increasing 
wall dimensions. In Fig. 10, normalized maximum base shear results 
with ALR lower than ALRmin are also collected to highlight that the 
numerical results are in good agreement with analytical strength do
mains, and the size effect for small values of ALR appears negligible. 
Also in this case, two response types can be observed from the 
normalized maximum base shear values. Indeed, typical materials in 
existing masonry structures (CBL, CBU, TUF) show a good agreement 
with the flexural failure (85%fc0) strength domain with walls charac
terized by small dimensions (i.e. 1.5x1 and 3x2 m), while larger walls 
show lower base shear values. Conversely, typical materials in new 
masonry structures (HCB and CSB) show a good agreement with the 
flexural failure (85%fc0) strength domain with walls characterized by 
large dimensions (i.e. 6x4 and 12x8 m), while smaller walls show higher 
base shear values which becomes rather similar to the flexural failure 
with 100%fc0. These two response types are mainly due to the higher 
compressive fracture energy of HCB and CSB with respect the other 
materials (which can somehow be deduced from Fig. 3 together with lT). 

On the other hand, the size effect is clearly visible on ultimate drift 
outcomes for all masonry types considered (Fig. 10). Particularly, Fig. 10 
highlights that the size effect can be remarkable on the ultimate drift, 
especially for ALR values around 15%. It should be herein pointed out 
that the value of ALRmin changes by modifying the wall dimensions, as 
expected. 

Accordingly, given a material type, an analytic expression of the type 
in Eq. (10) is adopted to fit the ultimate drift values obtained numeri
cally, this time assuming α(B) and β(B) functions of the wall width B. 
Consequently, once one material type is fixed, the functions α(B) and 

β(B) are only function of the wall width B. The functions α(B) and β(B)
for each material type have been obtained by standard regression on the 
cases shown in Fig. 10, and a satisfactory match has been found with: 

α = α1ln(B) + α2
β = β1B2 + β2B + β3

(11) 

Accordingly, the analytic expression for each material type is fully 
described by the five parameters α1, α2, β1, β2, and β3. The resulting 
parameters for the five material types considered are shown in Table 2. 

The proposed numerical strategy does not give information about the 
ultimate drift for values of ALR lower than ALRmin, which is the mini
mum value of axial load ratio needed to reach compressive failure in a 
single truss element. A possible suggestion could be to use: 

δu =

{
α ALRβ for ALR > ALRmin

α ALRβ
min for ALR⩽ALRmin

(12) 

being α(B) and β(B) defined in Eq. (11), see e.g. Fig. 11a. Eq. (12) 
allows to safely define ultimate drift also for values of ALR lower than 
ALRmin, which would be significantly reliant on imperfections and de
fects of the masonry texture. The predictions of this analytical model are 
also shown in Fig. 10, and they present a good agreement with the nu
merical ultimate drift values of all masonry types. ALR values greater 
than 80% should be not considered as they could lead to masonry panels 
very close to failure just with vertical loads. 

To check the reliability of the numerically-based analytic expression 
here proposed for drift capacity, an a posteriori verification is conducted 
on masonry panels which were not used in the regression procedure, e.g. 
3x1.5 and 3x3 m walls. An example with the CBU material is shown in 
Fig. 11b. As it can be observed, the analytical model appears to satis
factorily predict the ultimate drift of masonry walls which were not used 
in the calibration of the model itself. 

5. Conclusions 

In this paper, the in-plane flexural drift capacity of masonry walls has 
been investigated numerically. In particular, a nonlinear truss-based 
model has been specifically developed to predict the monotonic 
response of in-plane horizontally-loaded masonry walls undergoing 
flexural failure. Such numerical strategy, characterized by a band of 
nonlinear trusses at the wall toe to account for flexural failure, has been 
conceived with the aim of keeping the mechanical characterization of 
the model as simple as possible, i.e. the model could be fully described 
by compressive stress–strain relationships, which can be found in the 
literature for different masonry types. The modelling strategy has been 
validated against two pier-scale experimental tests which experienced 
flexural failure, obtaining promising results. 

The numerical strategy resulted also computationally efficient, and 
this permitted to carry out a comprehensive numerical campaign, pre
dicting the flexural drift capacity of walls with different masonry types 
and geometrical features, subjected to a full-range of axial load ratios. 

As a result, drift capacity has been found to nonlinearly decrease 
while increasing the axial load ratio, and to be sensibly dependent on the 
wall width (i.e. the drift capacity diminishes while increasing wall 
width), for any masonry type. The influence of the wall height on the 
drift capacity has been found to be mainly due to the elastic deformation 
of the wall body, and so it mainly depends on the way the drift is 
measured. 

Finally, a simple analytic expression based on a large number of 
numerical results is deduced for the flexural drift capacity of masonry 
walls, function of the axial load ratio, masonry type, and wall size. The 
expression is based on five coefficients which have been obtained by 
regression for the considered masonry types, and appeared to satisfac
torily predict also the ultimate drift of masonry walls which were not 
used in the calibration of the expression itself. Accordingly, this analytic 
expression, which can be considered as a surrogate model, could be 
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implemented in any equivalent frame model used in any commercial 
code for the analysis of masonry structures to account for a more 
consistent description of the flexural drift capacity of masonry walls, 
possibly as function of the axial load ratio, masonry type, and wall size. 

The field of application of the modelling strategy herein presented is 
limited to the investigation of in-plane flexural drift capacity of masonry 
walls. Future developments could concern simplified numerical models 
to predict ultimate drift also in case of shear failure modes (e.g. diagonal 
cracking and sliding). 
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Appendix A 

In this appendix, a parametric investigation on the role of compressive damage variable upper limits and residual stress values in base shear-drift 
curves of masonry panels is shown and discussed. In particular, Fig. 12 collects the results of a 3x2 m wall (with CBU material and ALR 30 %) where the 
damage upper limit and the residual stress have been varied in the range 0.85 ÷ 0.99 and 15%fc0 ÷ 1%fc0, respectively. 

As it can be noted, the results in terms of base shear-drift curves are considerably consistent. Indeed, the variation of ultimate drift by ranging the 
damage upper limit from 0.85 to 0.99 appears irrelevant and anyway included within the approximations of the regression procedure. Accordingly, 
the dependence of the panel response on these aspects appears negligible, and compressive damage upper limit and residual stress equal to 0.90 and 
10%fc0, respectively, are adopted in this paper. 

Nevertheless, the load drop which indicates flexural failure arises at very slightly different drift values. In particular, the ultimate drift decreases 
while the damage upper limit tends to unity (Fig. 12). Indeed, when one or more trusses show compressive damage, the stress is redistributed within 
the compressed truss elements in the wall toe. Anyway, the damaged truss elements can still provide a residual stress (e.g. 10%fc0) and they still have a 
residual stiffness (e.g. 10%E0), so that they eventually participate in the vertical equilibrium balance, allowing for slightly higher ultimate drifts when 
adopting higher values of residual stress. In any case, this effect appears negligible for the present research. 
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