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A B S T R A C T   

While the influence of the component strength on the structural behaviour of Historic Masonry Structures (HMS) 
is relatively well studied, few studies have investigated masonry textures. Such a research gap is due to the actual 
difficulty of finding parameters that correlate masonry patterns and structural performances. This paper presents 
a comprehensive review of the existing geometric measures for irregular masonry patterns, highlighting the gaps 
and possible future trends. Special attention is paid to the Non-destructive Tests (NDT) for surveying masonry 
textures and algorithms to generate block-based numerical models artificially. Finally, a numerical investigation 
underlines how masonry textures generated considering quality indexes present more consistent results.   

1. Introduction 

Historic masonry structures populate European historic centres as 
both secular and sacred monumental buildings. Given the (i) important 
economic and societal role, (ii) high level of material degradation due to 
time, and (iii) low structural performance under seismic actions, pre-
ventive conservation and maintenance of HMS continue to stand as 
major priorities of the overall political strategy at the European level. 

Due to (i) geographical location, (ii) raw material availability, (iii) 
facilities and (iv) workers’ skills, a great variety of building construction 
techniques for HMS have been developed over the centuries. In this 
framework, established practices are categorised as reflecting the so- 
called “rules of art” (regola d’arte) (Giuffré, 1996). In Europe, bricks or 
stones were usually adopted to generate various assemblages, varying 
bond pattern, number of leaves etc. Referring to brickworks, although 
there were a large variety of different-sized bricks manufactured, 
generally, they were rectangular, same-size and arranged in periodic or 
quasi-periodic patterns (Fig. 1). 

On the contrary, making regular arrangements with stone units signif-
icantly increased the complexity of the building process, affecting both 
economic costs and time. For this reason, ancient masons were concerned 
about generating good-quality masonry patterns by allocating stone units of 
different sizes and shapes within the wall (Fig. 2). This skill is also reflected 
in the overall structural performance (Taborda and Roten, 2015). 

One should note how the intrinsic properties of HMS, such as high 
density, low tensile and relatively low shear strength and ductility, lead 
to their high seismic vulnerability (Lourenço et al., 2017). However, an 
additional important parameter is the connection degree between 
structural elements. If the structural elements are (i) properly con-
nected, (ii) the masonry arrangement presents a good quality both 
in-plane (IP) and through-the-thickness, and (iii) the floors are rigid in 
their plane, a box-like behaviour of the structure is expected. Conse-
quently, walls will be stressed in their IP direction involving much more 
ductile collapse (Vlachakis et al., 2020), i.e. progressive generation of 
cracks precedes the failure. On the contrary, out-of-plane (OOP) failure 
is much more sudden and destructive (Stepinac and Gašparović, 2020; 
Stepinac et al., 2020; Lulić et al., 2021). Disintegration and localised 
failure mechanisms could happen when masonry quality is particularly 
poor, e.g. masonry is constituted by multiple leaves that are not 
adequately connected through the thickness (Fig. 3). 

It is worth underlining how leaves’ connection has a significant effect 
on the masonry’s OOP behaviour (Fig. 4a) (Binda et al., 2006), while the 
surface pattern primarily affects the structure’s IP behaviour and the 
participation of transversal walls on the OOP response of facades 
(Fig. 4b) (de Felice et al., 2022a). 

One of the main difficulties in studying such a topic is the scarce 
surveyability of masonry texture cross-sections. Furthermore, even the 
walls’ surfaces are sometimes covered by plaster, and in particular, 
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referring to built cultural heritage, only a small part of the surface can be 
uncovered. Furthermore, even though advanced segmentation algo-
rithms are available in the literature, only the IP pattern can usually be 
detected, and the transition from discrete or raster data to structural 
analysis software still needs to be fully automatised (Sithole, 2008; 
Valero et al., 2018). On the other hand, the knowledge concerning 
through-the-thickness stones’ distribution also poses significant un-
certainties, which suggest investigations based on probabilistic ap-
proaches rather than deterministic ones, i.e. assuming texture properties 
within certain statistical variations. 

2. Review on masonry arrangements 

Across the centuries, various masonry typologies have been used 
depending on the available stone stocks, facilities and skills of the 
workers (Binda et al., 1994). Although several factors influenced the 
masonry patterns, ancient builders consciously tended toward the reg-
ular bond pattern with the same-sized units (also called opus quadratum) 
(Giuffré, 1996). This tendency formed the foundations of the so-called 
“rules of art”. The recommendations of the “rules of art” are listed as 
follows (Caterina, 2001; Baggio and Carocci, 2000). 

I Condition for transversal monolithism 
Creation of the masonry pattern through the thickness of the wall 

using stones arranged with their longest length transversal to the wall, 
often called diatons. Larger stones rather than small ones allow IP and 
through the thickness interlocking. This implies that a vertical joint or 
unorganised inner core separating the outer leaves must be avoided. The 
connection of different leaves ensures the transversal monolithic 
behaviour of the wall. 

II Condition for good stone interlocking in a leaf 
Mortar must be placed on each stone’s face; minimum thickness must 

be adopted in order to get enough bond. Filling the holes between the 
large and small stones or bricks is recommended. If such a rule is pur-
sued, the mortar strength will play a secondary role compared to the 
positive effect of the interlocking of stones. 

III Condition for good vertical load transmission 
Levelling of bed joints of the masonry at every 0.60–1.00 m along the 

height of the wall is recommended. The holes between the bigger stones 
can be filled with smaller stones or bricks; thus, the next course of stones 
can be placed on a horizontal surface. The presence of horizontal laying 
surfaces ensures good vertical force transmission. 

These three rules are derived from experience accumulated across 
the centuries; however, their mechanical meaning is intuitive (Giuffré, 
1996). 

In order to practically assess the quality of the masonry patterns, 
structural engineers should quantify the patterns deviation with respect 
to the ideal conditions. This deviation can be assessed by defining a 
collection of quantitative quality indexes (QI), and their correlation with 
structural performance. 

The following discretisation in subsections is presented. Section 2.1 
defines different masonry typologies based on qualitative criteria to 
determine the deviations between different masonry types. Section 2.2 
involves the collection of possible QI-s for the definition of masonry 
patterns that have high significance on the HMS’s structural behaviour. 
The influence of the masonry pattern on the structural behaviour of HMS 
is discussed in Section 2.3. Section 2.4 presents typical techniques for 
the masonry pattern survey, highlighting their advantages and limita-
tions. Finally, masonry pattern generation algorithms are presented in 
Section 2.5, which can be used to parametrically generate and subse-
quently assess the effect of masonry pattern quality. 

2.1. Masonry typologies 

Masonry as a structural material was already used about 8000 years 
ago (Como, 2016). Most of the ancient civilisations (Egyptians, Romans, 
Greeks, etc.) used artificial (baked or unbaked bricks) or natural (stones) 
building blocks bonded together with mud, gypsum, bitumen, lime or 
cement-based binders to build masonry structures (Taly, 2010). Ma-
sonry is still used nowadays, keeping the same driving principles, even 
though preparation and fabrication procedures are reflecting the digital 
transformation era (Davis et al., 2012; Rippmann et al., 2016; Ramage H 
et al., 2021; Deuss et al., 2014). However, the co-presence of different 
masonry typologies makes the systematic assessment of HMS complex. 
In order to conduct a detailed categorisation of the masonry typologies, 
a fundamental prerequisite is the nomenclature knowledge of their 
component. (Fig. 5). 

A general taxonomy might be based on the nature of the units, thus 
defining groups of stone, brick, adobe and rubble masonry (Carbonara, 
1996; Giuffrè, 1990). Further classifications can involve surface texture, 
cross-section morphology, and the structure’s state. Fig. 6a sets the 
specifications of the rules of art as the origin; thus, the quality of any 
masonry pattern can be assessed by measuring the deviations from the 
origin (Fig. 6b). It is worth noting that not all combinations of the 
above-mentioned parameters exist in real HMS. For example, masonries 
with heavily worked, squared stones have good morphological proper-
ties. Thus, observing real HMS and defining the realistic combinations of 
values is highly significant. In this framework, extensive surveys on 
masonry patterns of HMS have been conducted in Italy, resulting in 

Fig. 1. Different brick masonry arrangements (Como, 2016).  

Fig. 2. Different types of stone masonry textures (Taborda and Roten, 2015).  
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hundreds of surveyed surfaces and cross-section patterns from different 
regions (Baggio and Carocci, 2000; Binda et al., 1999). Similar research 
works have also been conducted in other countries (Ferreira Pinto et al., 
2021; Rezaie et al., 2020). 

When masonry walls are without plaster, the IP surface is easily 
detectable, and codes and standards (B. Indian Standards, 1992; CSA 
Standard S304.1-94, 1994; Bosiljkov et al., 2015; Swiss Society of En-
gineers and Architects SIA, 2003; GNDT/SNN, 2002; IMIT 2009, 2009) 
provide recommendations concerning the visual qualitative approaches 
for the classification. According to the Italian Ministry of Infrastructures 
and Transportation (IMIT 2009, 2009), six types of patterns are defined 

(Fig. 7). 

Type A Irregular stone masonry from river gravels 
Type B Uncut stone masonry from external leaves of limited thick-
ness and infill core 
Type C Uncut stone masonry with good bond 
Type D Regular masonry from soft sones (tuff or sandstone) 
Type E Ashlar masonry with sufficiently resistant blocks (higher 
resistance than Class D) 

E1 With mortar joints 
E2 Without mortar joints 

Type F Brickwork 

Subsequently, each typology is classified by the Italian Department 
of Civil Protection into two groups based on the structural performance 
quality (GNDT/SNN, 2002). 

Class I Irregularly arranged, poor quality masonry:  

• High seismic vulnerability in the IP and OOP direction,  
• Tendency for disaggregation and local mechanisms,  
• Poor intrinsic resistance from bad mortar quality or frictional 

resistance. 

Class II Regular texture, good quality masonry:  

• Low seismic resistance in the IP and OOP direction,  
• Provided sufficient constraints on monolithic OOP behaviour,  
• Good intrinsic resistance is provided by strong mortar or frictional 

resistance. 

Type A and B are assigned to Class I and Type D, E and F to Class II. 
Type C needs special considerations to be assigned to a class. Further-
more, the Italian code (GNDT/SNN, 2002) recommends values for me-
chanical properties corresponding to different types of masonry 
patterns, which is here not reported for brevity. Other effects, like 
mortar quality or transverse connections, are considered through 
correction coefficients. However, even though such a methodology 
provides useful information for practitioners who perform numerical 
simulations, it might hide limitations, neglecting differences that typi-
cally affect other sub-classes of masonry. 

A further classification typically adopted in engineering practice 
provides differentiation based on the arrangement’s rules and the level 
of dressing of the stone units (Kržan et al., 2015; B. Indian Standards, 
1992; British Standards Institution, 1984) (Fig. 8).  

A. Arrangement of stones  
1. Uncoursed: Varying shapes and sizes of stones are used, no 

horizontal courses can be identified  
2. Coursed: Stones with uniform height are placed in horizontal 

courses  
3. Brought to courses: Horizontal courses are levelled at some 

intervals  
B. Stone dressing  

1. Rubble: Undressed or roughly dressed stones  
a. Random: Only the weak corners are removed with the 

masons’ hammer  
b. Squared: Stones are roughly squared with a mason’s 

hammer  
c. Polygonal: Stones are hammer dressed to have a polygonal 

shape  
2. Ashlar: Accurately dressed, squared stones 

One can note how the units’ shape, arrangement and surface prop-
erties have a relevant influence on the structural behaviour of the HMS; 
however, the above classification neglects some crucial factors which 
are related to the structural behaviour of the HMS (Borri et al., 2015). 

Fig. 3. Disintegration of multi-leaf rubble masonry walls due to lack of trans-
versal connections (Vlachakis et al., 2020). 

Fig. 4. a) Effect of diatons (Giuffré, 1996) b) Effect of IP pattern (Casapulla 
et al., 2021) on the OOP failure mechanism. 
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HMS does not always exhibit monolithic behaviour. Poorer infill mate-
rials were used through the thickness, affecting the mechanical behav-
iour of multi-leaf walls. Consequently, it appears clear how the 
classification of masonry patterns’ cross-section deserves a detailed 
investigation (Quelhas Da Silva et al., 2014). 

Based on the research work developed by Binda (Binda et al., 2005), 
three classes of masonry cross-sections can be identified by the number 
of leaves and a fourth by the filling of joints (Fig. 9). Class A contains 
single-leaf walls or walls with sufficient interlocking in thickness. Thus, 
the structure behaves monolithically in OOP failure. These walls are 
constituted by irregular or regular stone elements and are bonded 
together with thick, horizontally or sub-horizontally inclined mortar 
joints. Class B contains walls with two different leaves of stones. Further 
differentiation can be made by observing the connection between the 
leaves, which can be (i) continuous vertical mortar joint, (ii) nearly 
empty vertical joint or (iii) insufficient connection between the leaves. 
In Class C, walls with two external leaves are contained, separated by an 
internal rubble core. In some cases, the external leaves can be connected 

by diatons, since, in the opposite case, the lack of connection between 
leaves strongly reduces the load transfer between the external leaves. 
Finally, Class D contains stone masonries with dry joints. One should 
note that it is only meaningful to group the classes considering the 
morphological properties of the wall, which mainly influence the OOP 
behaviour (Fig. 9) (Kržan et al., 2015; Binda et al., 2005). 

2.2. Masonry pattern’s parametrisation with quality indexes 

As previously mentioned, the structural behaviour of HMS generally 
depends on a large number of properties, such as the material properties, 
geometry of the constituents, assembly technique (with mortar or dry 
joints), quality of texture, the morphology of assemblage, conservation 
state of the materials, etc. (Kržan et al., 2015). Regarding the constituent 
elements, the response depends on the units’ dimension, shape and 
dressing, the quality of the mortar joints, the presence of wedges, and 
the homogeneity of the constituent materials (Binda, 2001). Therefore, 
QI-s should be measurable from geometry, e.g. shape and size of units. 
At the same time, response measures (RM) should be calculated from the 
structural response, e.g. strength capacity or failure mechanism char-
acteristics. The correlation between a set of QI-s and a selected RM es-
timates the structural response based on the properties of the masonry 
texture and, consequently, useful information concerning the structural 
performance of HMS. 

Most of the literature examining the effect of masonry patterns deal 
with one specific problem by either considering the surface (IP loading) 
or the cross-section (OOP loading) pattern. For this purpose, only a 
limited number of parameters were usually used. Conversely, when 
multiple parameters were used, they were considered independent of 
each other (de Felice, 2011; Rios et al., 2022; Zhang and Beyer, 2019). 

OOP behaviour of HMS can range from rigid-body overturning to 
disintegration (de Felice et al., 2022b). For this motivation, one of the 
aspects taken into account for masonry parametrisations aims to quan-
tify the capacity to behave monolithically (which also corresponds to the 
I condition of the “rules of art”). The first attempt to quantify the 
monolithic behaviour was developed by Giuffrè (1990), who defined the 
interlocking parameter ρs, which is the ratio between the average ver-
tical distance between diatons and the thickness of the masonry wall. He 
identified a linear correlation between load factor (λ) and diaton fre-
quency (ρs) (Fig. 10). 

ρs =
ds

t
∼ λ (1) 

Afterwards, de Felice et al. (de Felice, 2005) refined the above 
method and recommended the use of the slenderness of the unbounded 
section of the wall by introducing a parameter aχ , quantifying the lack of 
interlocking between leaves: 

aχ =
βlocal

βc
(2) 

Fig. 5. Nomenclature of masonry units.  

Fig. 6. Parameters for the improvement of the monolithic response of HMS (Kržan et al., 2015; Wigger et al., 2000).  
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where arctan(βc) is the global and arctan(βlocal) the internal slenderness of 
the wall’s cross-section. βlocal is selected from the most slender, unre-
strained portion of the wall cross-section. Subsequently, the increase of 
aχ corresponds to a decrease of the OOP capacity. 

In order to measure the interlocking among units, Doglioni and 
Mirabella (Doglioni and Roberti, 2004) recommended the use of the 
indenting index (also called vertical line of minimum trace) Ml, which is 
defined in Eq. (3), as the line of least resistance (polyline with minimum 
length) through the mortar joints in a 1.0 × 1.0 m2 window (Fig. 11). 
They recommended to use Ml for both the surface and the cross-section 
patterns and defined limit values for the classification of the masonry 
patterns. Zhang et al. (Zhang and Beyer, 2019) used the diagonal line of 
minimum trace (connecting the two opposite corners of the window) 
and observed a better correlation with the shear-compressive response 
than with the vertical one. 

Ml =

∑n− 1
i=1

⃦
⃦
⃦pi − pi+1

⃦
⃦
⃦

⃦
⃦
⃦pstart − pend

⃦
⃦
⃦

(3)  

Where pstart and pend are the position vector of the first and last vertices of 
the polyline, while pi refers to the i-th vertex. 

Binda (2001) stated that voids could significantly reduce the inter-
locking between stones. Thus, the percentage of voids and their ratio 
with stone and mortar volumes are correlated with the OOP behaviour 
(Fig. 12). It was also experimentally observed that the injection of voids 
can significantly increase the structural capacity of the stone masonry 
(Binda et al., 1997). 

Smaller units reduce the masonry’s strength due to the stones’ lower 
roughness, which governs the generation of frictional resistance. 
Furthermore, smaller units generally correspond to higher percentages 

of mortar volume, which reduces the structural strength. Thus the 
average size of the units is representative of the structural response. 
When the average size of units is considerable, relatively high strength is 
guaranteed, while if it is small, the strength is very scattered (Fig. 13) 
(de Felice, 2011). Performing parametric analyses on cross-sections 
made of rubble masonry, Angiolilli et al. (2021) concluded that 
increasing the size of the structure (or reduction of units) reduces 
structural strength and ductility. 

To interpret the monolithic response of the HMS, Baggio and Carocci 
(Bernardi, 2000) suggested an index of masonry quality (IMQc), which 
measures the deviation of response from that of the overturning failure 
of a rigid block: 

IMQc =
λcβc

λmβm
(4)  

where βc is the aspect ratio and λc is the maximum load factor of the 
masonry cross-section. βm andλm represent the same parameters for a 
monolithic block of similar slenderness. Then, the load factor of the 
homogeneous block can be calculated as: 

λm =

{
Bc/Hc
tan φ

if Hc > Bc/tan φ
otherwise

Rocking overturning
Shear failure (5)  

where Bc and Hc are the width and height of the wall cross-section and φ 
the friction angle of the joints. If the wall is simply constrained at its base 
(cantilever boundary condition), then IQMc = 1.0 represents monolithic 
overturning, while IQMc ≈ 0.4 − 0.5 corresponds to the separation of 
leaves and consequent overturning and mutual sliding of the leaves 
(Fig. 14). 

For the surface pattern, the size, shape, and interlocking of units 
influence the structural response (corresponding to the II and III con-

Fig. 7. Different stone masonry typologies according to the Italian standard (Vanin et al., 2017).  

Fig. 8. Different rubble masonry typologies based on the dressing of stones and stone arrangement.  
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ditions of the “rules of art”). For rectangular-shaped blocks, the units can 
be characterised by the average slope of the bond αb (Fig. 15) (Rios et al., 
2022; Giuffre et al., 1994) and the aspect ratio βb defined as (Binda, 
2001; Angiolilli et al., 2021): 

βb =Hb/Bb (6)  

where Hb is the height and Bb is the unit’s width. Subsequently, ap-
proaches have been proposed to represent irregular masonry as an 

equivalent opus quadratum, based on the equivalence of βb and αb (Giuffre 
et al., 1994; Funari et al., 2022a). 

In order to take into account the joints effect of βb and αb, Malomo 
et al. (2021) introduced a geometrically inferred ratio ahj over a repre-
sentative volume element (RVE) of the pattern, which is not dependent 
on the assumption of rectangular units: 

ahj =Ab
/

Ahj (7)  

where Ab and Ahj are the area of units and head joints in the RVE, 
respectively. It is also well known from the analytical formulation of 
Mann and Müller (1982) that the shear capacity of the masonry struc-
ture is dependent on the slope of the lowest energy crack paths for the 
considered masonry pattern: 

τ= c
1 + μφ

+
μ

1 + μφ
σy (8)  

where c is the cohesion, μ the friction coefficient, σy is the normal stress 
and φ represents the tangent to the angle of the minimum energy crack 
path φ = tan(αb). For a regular bond pattern, the value of αb can be easily 
calculated as: 

αb = arctan(2Hb /Bb) (9) 

Corresponding to the average value of the bond. In the case of 
irregular masonry, the value of αb needs to be determined by statistical 
means over a representative area, either through the determination of 
the minimum diagonal crack path with a minimisation algorithm or by 
calculating the average ratio of overlapping lengths 2Hb/Bb (Fig. 15) 

Fig. 9. Classification of masonry wall sections (Binda, 2001).  

Fig. 10. Overturning strength related to the number of diatons (Giuffré, 1996).  

Fig. 11. Calculation of the indenting index of a surveyed masonry pattern 
(Doglioni and Roberti, 2004). 
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(Calderini et al., 2010). Macro LA formulations for regular patterns also 
use the parameter αb which corresponds to the crack inclination for pure 
rocking failure mode (Casapulla et al., 2013). For irregular masonry 
patterns, the authors (Funari et al., 2022a) proposed the use of the 
structured path UP-RIGHT-UP-LEFT for coursed rectangular and the 
vertical (Ml) and horizontal (M0,l) lines of minimum traces for rubble 
masonries. Ml takes into account the units’ interlocking, while M0,l 

quantifies the reduction in shear resistance of joints due to the 
non-horizontal inclination of bed joints (Funari et al., 2022a; Szabó 
et al., 2022). 

αb = arctan

(
Ml − 1

M2
0,l

)

(10) 

To quantify the deviation of the unit’s shape (and orientation) from 
rectangular, the block area ratio (ablock) was introduced by Zhang et al. 
(Zhang and Beyer, 2019): 

ablock =

∑
iAb,i

∑
iAbox,i

(11)  

where Ab,i is the area of a stone and Abox,i is the minimum area, hori-
zontally positioned bounding box around it. Almeida et al. (2016) 
identified a remarkable linear correlation between the shape of the units 
and the percentage of stones in a wall: 

astone =

∑
iAb,i

Aw
∝

1
ablock

(12)  

where Ab,i is the area of a unit and Aw is the area of the considered wall. 
This suggests that masonry patterns with a lower percentage of stones 
tend to have fewer rectangular stones. 

Borri et al. (2015) defined a methodology to correlate a masonry 
quality index (MQI), observed by visual inspections, with mechanical 
properties of the masonry walls (Corradi et al., 2003; D’Ayala and 
Paganoni, 2011). The MQI is obtained by calculating seven geometric 
and mechanical parameters, such as the material degradation state (SM), 
unit size (SD) and shape (SS), cross-section interlocking (WC), in-plane 
interlocking (VJ), the horizontality of laying surfaces (HJ) and me-
chanical characteristics of mortar (MM) (Table 1). These parameters 

Fig. 12. a) Masonry cross-section with b) percentage of stones, mortar and voids andc) size distribution of voids (Binda, 2001).  

Fig. 13. Relationship between out-of-plane capacity and average unit size (de 
Felice, 2011). 

Fig. 14. IQM for different masonry cross-sections (Bernardi, 2000).  

Fig. 15. Calculation of minimum energy path αb for different masonry patterns (Calderini et al., 2010).  
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quantify independently of different aspects of the rules of art. Finally, 
the parameters are combined into one value with a weighted summation 
to obtain the MQI, which is subsequently correlated with the elastic, 
shear moduli, shear strength and friction coefficient (Marino et al., 
2014) of the masonry structure, based on the recommendations of the 
Italian code (IMIT 2009, 2009) for usual masonry structures in Italy: 

MQI = SM⋅γSM(SD ⋅ γSD + SS ⋅ γss +WC ⋅ γWC +HJ ⋅ γHJ +VJ ⋅ γVJ +MM ⋅ γMM)

(13) 

The weights (γ..) are dependent on the type of loading on the ma-
sonry structure (vertical, IP or OOP), taking into account that in 
different loading conditions, the geometric parameters have different 
influences on the response (Giuffre et al., 1994). The value of MQI can 
range from 0 to 10, where the higher value corresponds to a higher level 
of regularity. Furthermore, the masonries are classified into three 
behavioural categories based on their MQI (Table 2). 

Inspired by the MQI method, Almeida et al. (2016) defined the ma-
sonry irregularity index (IFG), which only considers the geometric 
characteristics of the masonry surface pattern: 

IFG = α⋅IFP + β⋅IDP + γ⋅IAH + δ⋅IAV (14)  

where IFP, IDP, IAH and IAV represent the stone shape, size and horizontal 
and vertical alignment factors, respectively (Fig. 16). For more details 
the reader can refer to (Almeida et al., 2016). 

Using the approaches above, several researchers (de Felice, 2011; 
Rios et al., 2022; Zhang and Beyer, 2019) have observed that the 
weighted summation of parameters is inherently flawed since the 
interaction of some parameters is statistically significant. In particular, 
in coursed rectangular masonry, the pattern is characterised by a high 
level of interlocking; thus, the quality of mortar does not significantly 
influence the structural response, while in the case of rubble masonry, 
the interlocking of the pattern is generally lower, resulting in a higher 
influence of the mortar quality. This non-negligible interdependence of 
QI-s should be investigated via a multidimensional analysis tool, such as 
Principal Component Analysis to determine the most significant com-
ponents or Analysis of Variance to assess the statistical significance of 
interaction terms. A further important aspect is the choice of appropriate 
RM. In the literature, the stiffness, peak load, residual lateral force ca-
pacity, displacement capacity, ductility and equivalent viscous damping 
are usually measured and numerically assessed. On the contrary, the 
failure mechanisms are only assessed qualitatively by the visual in-
spection of the crack pattern, damage in units, and relative displace-
ments of components (Vladimir et al., 2011). 

2.3. Masonry patterns’ mechanical repercussions 

As presented in Fig. 17, masonry structures with irregular patterns 
attain more severe damage than the ones with more regular patterns. 

This section investigates the masonry pattern’s influence by 
considering its relationship with the parameters defined in the previous 
section. In the case of IP actions, three basic crack patterns can be 
identified (Quelhas Da Silva et al., 2014; Almeida et al., 2014), which 
might evolve independently or in combination with each other (Fig. 18): 
(i) flexural failure, where flexural cracks form at the corners, and the 
wall behaves as a rigid block, rotating around the toe (at high vertical 
stress with toe crushing), (ii) shear-diagonal failure, with the formation 
of diagonal cracks developing from the centre of the wall and propa-
gating towards the corners, (iii) shear-sliding failure, with the shear 
failure and subsequent sliding of the bed joints. 

The occurrence of one failure mode rather than the other depends on 
the constituents’ mechanical parameters (Gonen et al., 2021; Pulatsu 
et al., 2022), geometry, boundary (Casapulla et al., 2021; Restrepo Vélez 
et al., 2014; Vaculik and Griffith, 2017; Howlader et al., 2020), envi-
ronment (Elghazouli et al., 2022a, 2022b; Guo et al., 2022) and loading 
conditions. Generally, rocking failure prevails in slender walls, while 

Table 1 
Masonry quality indexes and fulfilment conditions (Borri et al., 2015).  

Id. Description Criteria 

NF PF F 

SM Mechanical 
properties and 
conservation 
state 

Ratio of degraded elements 
> 50% > 10% > 10% 
Ratio of hollow bricks 
> 70% > 45% > 45% 
Examples 
Mud or 
unfired 
bricks 

Sandstone. Tuff  - Solid brick  
- Concrete 

blocks  
- Hardstone 

SD Stone/brick 
dimension 

More than 50% elements with a larger dimension than 
< 20 cm 20 − 40 cm > 40 cm 
Examples 
Only head 
joints 

Co-presence of 
different 
dimension 
elements 

Co-presence of 
different 
dimension 
elements 

SS Stone/brick 
shape 

Examples 
Mostly 
rubble. 
Rounded or 
pebble 
stonework 
on both 
leaves 

Co-presence of 
rubble and cut 
stones/bricks on 
both leaves 

Barely or 
perfectly cut 
stones on both 
leaves  

One leaf from 
perfectly cut stone 
or bricks 

Brickwork 

WC Wall leaf 
connections 

Qualitative (header density ρh) 
ρh < 2/m2 ρh < 2 − 5/m2 and 

header length is 
close to wall 
thickness 

ρh < 4 − 5/m2 

and header 
length is the 
thickness of the 
wall 

Quantitative (line of minimum trace Ml) 
Ml < 1.25 1.25 < Ml < 1.55 Ml > 1.55 

HJ Horizontal 
joint 
characteristics 

Examples 
Not 
continuous  

- Intermediate Continuous  
- One leaf is 

continuous but 
the other isn’t 

VJ Vertical joint 
characteristics 

Wall with single leaf 
Ml < 1.4 1.4 < Ml < 1.6 Ml > 1.6 
Wall with two leaves 
Ml < 1.4 for 
first leaf 
Ml < 1.6 for 
the other 

Either both leaves: 
1.4 < Ml < 1.6 or 
one of the leaves: 
Ml > 1.6 

Both leaves: 
Ml > 1.6 

MM Mortar 
mechanical 
properties 

Examples  
- Low 

cohesion 
mortar  

- No mortar 
(rubble)  

- Large bed 
joints or 
porous 
stones with 
weak 
mortar  

- Medium quality 
mortar  

- Irregular 
masonry with 
weak mortar 
with pinning 
stones  

- Non degraded 
mortar  

- Regular bed 
joint thickness  

- Perfectly cut 
joints with no 
mortar  

Table 2 
Masonry categories as a function of the MQI and the direction of action (Borri 
et al., 2015).  

Category Direction of action 

Vertical IP OOP 

A Good behaviour ≥ 5 ≥ 5 ≥ 7 
B Average behaviour 2.5 ≤ MQI ≤ 5 3 ≤ MQI ≤ 5 4 ≤ MQI ≤ 7 
C Inadequate behaviour ≤ 2.5 ≤ 3 ≤ 4  
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bed joints sliding is usually observed for squat walls. Under low 
pre-compression, the structures usually fail due to flexural failure, while 
with the increase of overload, the shear crack starts dominating the 
failure (Vasconcelos and Lourenço, 2009). As the overload or the 
mortar-to-stone strength ratio increases, the diagonal cracks go through 
stones rather than following the mortar joints causing units’ crushing 
(Quelhas Da Silva et al., 2014). While some approaches rely on the rigid 
body failure of masonry walls under IP loading conditions (Funari et al., 
2021a), the assumption that the masonry wall fails with the separation 
into one or two rigid blocks along a crack line passing through the point 
of rotation or sliding is not always satisfied since it depends on the 
masonry pattern. 

Giuffrè (Giuffre et al., 1994) conducted experimental and discrete 
numerical parametric analysis on the shear-compressive response of dry 
joint, regular bond pattern masonry walls with different unit aspect 
ratios and boundary conditions. The walls subjected to only self-weight 
and increasing lateral loads did not behave in a rigid body motion but 
failed due to diffuse sliding (Fig. 19a). The presence of vertical loads 
emphasised the monolithic behaviours of the wall (Fig. 19b). Such a 
result was still more remarked in cases of horizontal connection along 
the top portion of the wall; even masonry with poor interlocking 
behaved monolithically (Fig. 19c). When eccentric vertical loading was 
present, and the friction coefficient (μ) was larger than the load factor 
associated with the pure rigid body failure (λrigid), then it failed per-
forming a rigid body motion and λ = λrigid, while if the friction coeffi-
cient was smaller, then the wall exhibited a pure distributed sliding 
failure mode and λ = μ (Fig. 19d). 

While it can be assumed that the joints of HMS have negligible tensile 

strength, the interlocking between blocks and their frictional contacts 
produces a pseudo-tensile strength governed by the compressive stress 
on the contact surface, the friction coefficient and the arrangement of 
blocks (Giuffré, 1996; Chen and Bagi, 2020). The pseudo-tensile 
strength influences the crack line’s angle of inclination that causes 
collapse. As illustrated in Fig. 20, higher IP interlocking levels generate 
larger crack inclinations. It is also presented that the failure mode can 
change from overturning to sliding depending on the friction coefficient. 

If the structure fails with material disaggregation, methods based on 
the macro element assumption overestimate the strength and displace-
ment capacity. Borri et al. (2020) observed how the condition MQI < 4 
for OOP load leads to disaggregation. The main factors are poor quality 
mortar and bad connections between leaves and non-horizontal bed 
joints. Generally, random rubble masonry has a high chance of dis-
aggregating, but the presence of good mortar quality almost guarantees 
no disaggregation. If the mortar quality is poor, the presence of hori-
zontal bed joints and proper connection of leaves can prevent disag-
gregation. Properly dressed masonry is prone to disaggregation only if 
the quality of mortar is very weak and the leaves are not correctly 
connected. Squared stone masonry rarely fails by disaggregation 
because the shape of the units always provides the horizontality of bed 
joints and proper leaf connection. 

Zhang et al. (Zhang and Beyer, 2019) analysed five typical Italian 
masonry typologies via numerical analyses and correlated the results 
with three different QI-s (vertical and diagonal lines of minimum trace 
and block area ratio). At a low level of pre-compression flexural failure 
occurred, and no correlation between the shear strength and the QI-s 
was found. It is because the geometry of the wall and the kinematic 
boundary conditions only control the failure. However, a clear correla-
tion between the QI-s and the shear strength was observed in the case of 
shear failure. Although the correlation was quite scattered, the diagonal 
line of minimum trace (Ml,d) showed the best correlation with the shear 
strength. 

In the same research work (Zhang and Beyer, 2019), the effect of unit 
shape was examined by comparing the behaviour of wall panels with 
rectangular and elliptical-shaped units. The rectangular pattern’s shear 
capacity increased by decreasing βb, while the elliptical’s slightly 
decreased. Although Ml changed significantly, the shear capacity 
remained constant. Considering βb constant and gradually changing 
shape from elliptical to rectangular, a linear correlation has been 
observed between the ablock and the shear capacity. As the unit shape 
tended from rectangular to elliptical, the failure mechanism changed 
from flexural to pure shear, while the compression struts tended from 
diagonal to vertical. In the case of low values of βb with thin mortar 
joints, the properties of the head joints did not influence the shear 
strength, but in the case of close to square units and thick mortar joints, 

Fig. 16. Masonry quality parameters defined by (Borri et al., 2015; Almeida et al., 2016).  

Fig. 17. Post-earthquake assessment of the existing building stock of Norcia 
after the 2016 central Italy earthquake (Borri et al., 2020). 
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it had a non-negligible effect. Indeed, it has also been experimentally 
demonstrated by Maheri et al. (2011), that both stiffness and capacity IP 
and OOP of masonry walls can deviate from 30 to 50% as the degree of 
filling of the head joints varies. The change in unit elastic properties 
provided negligible differences in the shear capacity. Lower tensile 
fracture energy decreased the shear capacity, even though this effect 
decreased as the vertical loading increased. As the size of the wall 
increased, the shear capacity subsequently decreased, showing a clear 
indication of the panel size effect. In this framework, Angiolilli et al. 
(Calderini et al., 2010) experimented that increasing the wall size de-
creases masonry structures’ structural strength and ductility. 

Malomo et al. (2021) conducted parametric DEM analyses on ma-
sonry walls with different bond types (Flemish, English, Dutch 
cross-bond, header and running bonds). The results were validated with 
experimental results, which showed good agreement in the strength 
capacity and slight differences in the failure modes generated by the 
spatial variation of mechanical properties (Zhang and Beyer, 2019; 
Angiolilli et al., 2021; Zhang et al., 2017). As the shear span ratio αv 
(ratio of wall height and the shear span) increased, the initial stiffness 
also increased, and the stiffness difference between different bond types 
decreased. βb had the most significant effect on the initial stiffness, with 

more slender units having higher initial stiffness and smaller differences 
between different bond types. It has been observed that the order of 
stiffness and ahj parameter values corresponding to the different bond 
types were the same, thus ahj can be an adequate parameter to charac-
terise the stiffness of the bond types. The peak shear capacity was 
increased by αv and decreased by axial load ratio σL (ratio of 
pre-compression and unit compressive strength), while the bond type 
did not have a significant effect. The bond type and αv had a significant 
impact on the type of activated failure mechanism, thus, subsequently, 
on the displacement capacity, while the effect of σL was not evident. 
RUN and FLE patterns have exhibited top and bottom sliding while ENG, 
DUT and HEA failed in diagonal shear prematurely. The difference in 
displacement capacity of different bond types was larger as βb increased. 
The extent of parallel stepped cracks was inversely proportional to ahj, 
which reduced the displacement capacity and corresponded to a more 
brittle failure mode. Brick crushing ias observed in walls with high βb. It 
should be noted how Rios et al. (2022) showed that the interaction 
between all the above-considered factors, except between the unit 
aspect ratio and the bond type, has a non-negligible effect on the 
response. 

An experimental campaign of quasi-static cyclic tests on (i) dry stack 

Fig. 18. The three basic in-plane failure modes of masonry walls (Caliò and Pantò, 2005): a) flexural failure, b) shear-diagonal failure, c) shear-sliding failure.  

Fig. 19. Collapse mechanism of shear wall under different boundary conditions and overloads (Giuffre et al., 1994).  

Fig. 20. In-plane failure mechanisms of shear walls with different levels of interlocking (Giuffré, 1996).  
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stone masonry with sawn cut units, (ii) irregular masonry with mortar 
and well-defined courses, (iii) random rubble masonry was conducted 
by Vasconcelos et al. (Vasconcelos and Lourenço, 2009). The failure 
mechanisms are presented in Table 3. Dry joint walls with regular bond 
patterns failed as the shear resistance of the bed joints was exceeded, 
and diagonal stepped cracks formed with the subsequent rotation of the 
upper part of the wall. Flexural response and rocking mechanism gov-
erned irregular coursed masonry walls at low and moderate 
pre-compression levels, while for lower pre-compression levels, hori-
zontal cracks formed at the base of the wall, progressively spreading 
along the height. They found that rubble masonry walls are more 
dependent on the pre-compression level than the other typologies. 
Flexural behaviour and rocking mechanism characterised the response 
at low pre-compression levels, with smeared inclined cracks in the 
middle of the wall. At intermediate levels of pre-compression, no sub-
stantial damage could be seen until large diagonal shear cracks formed 
along the joints. At the highest level of pre-compression, diagonal shear 
cracks developed with the damage of stones and crushing of the upper 
and bottom corners of the wall. In all the cases, large stiffness degra-
dation was observed. 

Considering the differences between the bond patterns, the authors 
observed that the ductility, energy dissipation, and displacement ca-
pacity depend significantly on the masonry texture. Irregularities result 
in a decrease in ductility, and the pre-compression effect on the failure 
mechanism increases with the irregularity of the pattern. 

Cyclic shear-compressive experimental tests were conducted by 
Almeida et al. (2014) on large stone block masonry walls typical in the 
northern region of Portugal. The pre-compression positively influenced 
the strength capacity in all the typologies, while no clear trend was 
observed for the displacement capacity (Fig. 21). The strength capacity 

also increased with the geometric regularity of the masonry (decreased 
with the irregularity index IFG), while for the displacements, again, a 
clear trend could not be identified. High shear capacity does not 
correspond to high displacement capacity. 

In all typologies, the ductility was reduced by increasing the pre- 
compression, but the correlation between ductility and masonry 
pattern irregularity is not clear. The stiffness of the wall decreased with 
the increase of irregularity of the bond, and higher energy dissipation 
corresponded to more irregular textures. 

Seismic action can cause the OOP overturning of facades if their 
slenderness and connection to side walls are inadequate. De Felice et al. 
(de Felice et al., 2022a) conducted a 2D DEM numerical analysis 
campaign on masonry churches damaged in the 2009 L’Aquila earth-
quake (Fig. 22). Static pushover and dynamic pulse excitation analyses 
were conducted. Fig. 22 compares the failure mechanism and capacity 
curves obtained from DEM and rigid body method (RB) in different 
churches. 

The church in Fig. 22a is constituted by a regular, good-quality 
pattern in the façade, while relatively poor quality in the sidewall, 
resulting in the formation of a vertical crack at the edge of the façade. 
Results between the two methods show good agreement because the 
rotational hinge and the participation of the side walls in DEM are close 
to that assumed by the RB method. In the churches represented in 
Fig. 22b the masonry patterns can prevent the complete detachment of 
the façade, thus increasing the capacity. In this case, RB method un-
derestimates the capacity since the rotational hinge is higher than the 
base of the wall and part of the sidewall participates in the mechanism. 
One should note how the sidewall effect is highly dependent on the ratio 
of its thickness with the thickness and span of the façade. As reported in 
Fig. 22c, in the case of poor sidewalls’ masonry quality, the retaining 

Table 3 
Summary of the experimental failure modes of masonry test specimens (Vasconcelos and Lourenço, 2009).  

Specimen specifications Vertical compression [MPa] 

0.5 0.875 1.25 

R Dry joints. Regular bond pattern Rocking Rocking/rocking and toe crushing Rocking and toe crushing 
IR Coursed masonry with irregular stones Rocking/flexural Flexural/toe crushing Flexural/toe crushing/shear 
RB Uncoursed random rubble masonry Flexural/shear – flexural/rocking Shear – flexural/shear Shear  

Fig. 21. Shear and displacement capacity for different masonry samples and pre-compression levels (Almeida et al., 2014).  
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walls played a negative effect since they apply a thrust force on the 
façade. In this case, the RB method overestimates the capacity of the 
church. Dynamic investigations demonstrated how the variation of the 
pulse period did not significantly influence the failure mechanism and 
the acceleration capacity of the structure, proving that the response is 
mainly controlled by the geometry of the church and not by the seismic 
input (de Felice et al., 2022a). 

The same research group performed a shaking table test on the OOP 
dynamic response of random rubble masonry walls (de Felice et al., 
2022b). The specimen was constrained horizontally at the top to simu-
late the floor connection. Firstly, vertical cracks were observed in the 
middle of the wall, indicating the initiation of separation of the leaves. 
Subsequently, a partial collapse occurred involving parts of the first leaf, 
involving the left side profile and the front face cracks. The total collapse 
of the wall was due to the separation of the front and back leaf, forming a 
horizontal crack around ¾ of the height of the wall and collapsing with a 
two-block out-of-plane vertical bending mechanism (de Felice et al., 
2022b). The geometry of the rubble masonry was shown to have a sig-
nificant effect on the response, enhanced by the presence of the weak 
mortar, resulting in the better suitability of discrete models than 
continuous ones (de Felice et al., 2022b). 

A further critical mechanical repercussion derives from the leaves’ 
morphology and mechanical characteristics. Especially the connection 
between leaves can highly influence their behaviour. The structural 
behaviour is bounded between Fig. 23a, where the wall is constituted by 
one leaf or the leaves are well connected; thus, it behaves like a 
monolithic block and Fig. 23b, where a vertical joint realises the 
connection between leaves resulting in no load transferred among leaves 
(Binda et al., 1994). Typical HMS’s structural behaviour is placed be-
tween these two limit cases based on their morphological properties. 
Bad-quality masonry can also disintegrate at the top of the wall where 
the normal forces are relatively low, resulting in a lower strength and 
displacement capacity (Fig. 23b) (Leslie et al., 2017). 

Binda et al. (Carbonara, 1996) conducted an experimental campaign 
for two leaves masonry walls. They remarked how the vertical joints 
behave more fragile when the loads are transferred by a 
compression-flexural mechanism (interlocking). In the case of good 
interlocking, the shear strength of the vertical joints mainly depends on 
the stones’ mechanical characteristics. Even 7% of diatons in the 
cross-section can provide monolithic cross-section behaviour. Good 
quality mortar can ensure monolithic behaviour, but usually, weak 
mortar is present in HMS and time degradation further decreases its 
strength (de Felice, 2011; Borri et al., 2020). In the two limit states, 

either the leaves are connected by stiff transversal elements, which 
transfer the loads between leaves proportional to their axial stiffness, or 
the leaves are only loosely connected (collar joints or by infill rubble), in 
which case the load distribution between leaves is highly dependent on 
the bond strength between the constituents (cohesion and friction be-
tween the leaves) (Binda et al., 1991). 

De Felice et al. (de Felice, 2011) conducted numerical DEM simu-
lations of masonry cross-sections for static pushover and dynamic pulse 
excitations. No single QI could be identified that accurately predicts the 
seismic vulnerability of the wall cross-section, but close to monolithic 
overturning could be ensured if the indenting index (vertical line of 
minimum trace through the cross-section) was higher than 1.5 or at least 
7% of diatons were evenly distributed in the cross-section. While for 
small or average stone size, the strength capacity of the walls was very 
scattered, larger stones provided a relatively high OOP resistance 
(Fig. 13). Most wall specimens failed due to overturning around a hinge 
for both static and dynamic analyses. In the case of inadequate trans-
versal connection, both the strength and displacement capacity were 
highly reduced compared to monolithic behaviour. In some cases, 
especially in the case of three-leaf walls, the dynamic and static analysis 
provided very different results, while the pushover analysis resulted in 
overturning failure, with high strength and low displacement capacity, 
due to pulse excitation, the wall failed by separating the outer leaves and 
with a much lower strength capacity than static analysis (de Felice, 
2011). Usually, the strength and displacement capacities are reduced by 
25–30%, compared to a rigid block. If the reduction is more severe, then 
the failure is characterised by the separation of the leaves and has to be 
modelled by dynamic analysis. 

2.4. Survey of masonry patterns via NDT 

According to state-of-the-art recommendations (International Char-
ter for the conservation, 1964; The Charter of Krakow 2000, 2000), 
destructive testing and invasiveness must be avoided to conserve his-
torical and cultural values. However, allocating more resources for 
reaching a good knowledge level (KL), i.e. having a detailed knowledge 
of the geometrical and mechanical characteristics of the structure under 
investigation, allows less conservative assessment (Caprili et al., 2017). 
This underlines the importance of proper geometric surveying as an 
integral part of the conservation project (Valero et al., 2018; Binda and 
Saisi, 2009). In the case of global structural assessment, knowledge of 
the level of connection between structural members and of the quality of 
masonry texture is fundamental, which, as demonstrated in Section 2.3, 

Fig. 22. Comparison of failure mechanisms obtained from the discrete element method (green) andrigid block rocking dynamics (red) (de Felice et al., 2022a). (For 
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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significantly influences the structure’s structural behaviour. 
Several survey techniques might be employed to identify naked or 

plaster-covered surfaces or cross-section patterns. For example, if the 
wall is not covered by a plaster layer, terrestrial laser scanning (TLS) or 
digital photogrammetric (DP) techniques can be employed to survey the 
surface pattern. 

The above techniques can provide a point cloud or image of the 
pattern, which has to be post-processed to acquire useful information for 
the structural assessment. However, the manual post-processing of the 
data is very tedious and time-consuming. For this motivation, automatic 
algorithms have been developed to assess the data. Algorithms usually 
use the 3D position or colour data to segment the point cloud (Sithole, 
2008). Recently, more sophisticated deep learning-based segmentation 
algorithms have been developed, providing excellent results (Ibrahim 
et al., 2019). The outcomes of the detection algorithms can also be used 
in post-processing to calculate the width and depth of mortar joints to 
detect where repair is needed or areas where pinning stones (wedges) 
are recommended can be automatically detected (Casapulla et al., 
2021). 

When a plaster layer covers the wall’s surface, it has to be removed in 
a small area, or NDT should be employed to survey the masonry behind 
the plaster. For instance, Ground Penetration Radar (GPR) utilises high- 
frequency electrical waves which reflect at the boundaries of different 
materials, can detect shallow objects in the structure, so the geometry of 
the surface features can be directly analysed (Lombardi et al., 2021). 
Infrared Thermography (IRT) uses a thermal camera to detect the wall’s 
morphology, air leakage sources, heat losses, and moisture content 
(Bosiljkov et al., 2010). Acoustic Emission Technique (AE) detects the 
high-frequency elastic waves produced by the masonry fracture pro-
cesses, which are subsequently analysed to interpret the damage loca-
tion and severity on the structure (Verstrynge et al., 2021). Both GPR 
and IRT techniques provide only surface knowledge since the 
cross-section cannot be detected. Therefore, the complete surveying of 
morphological properties of multi-leaf walls cannot be performed in a 
non-destructive manner (Kržan et al., 2015). A combination of sonic and 
GPR tests, combined with coring, can be employed to identify multiple 
leaves. Large voids and inclusions of different materials can be detected 
with IRT, when they are near to the surface of the structural element. 
Deeper areas can be reached with GPR and sonic testing. Test on the 
moisture content can give valuable information on the degradation state 
of the masonry (Binda and Saisi, 2009). Masonry cross-sections can also 
be investigated by means of borescopy. A borehole can be drilled where 
a small camera can be inserted, allowing the detailed examination of the 
surface of the hole (Binda et al., 1997). One can note that the ideal 
condition for achieving the cross-section survey requires removing 

stones and directly surveying through the thickness. However, such an 
application is forbidden for heritage structures (Binda et al., 2005). 

It is worth of point out that morphologic properties can usually be 
investigated by the combination of NDT and minor destructive (MD) 
methods (Table 4), while the characterisation of mechanical properties 
requires both in-situ and laboratory tests (Kržan et al., 2015; Arêde et al., 
2019). 

2.5. Masonry patterns generation 

The lack of numerical research on irregular masonry patterns can be 
accounted by the difficulty of generating numerical modelling of irreg-
ular masonry typologies (Zhang and Beyer, 2019). Indeed, a limited 
number of masonry texture generator algorithms have been proposed in 
the literature. Mainly, the difficulty stems from varying the masonry 
pattern within specific criteria (Almeida et al., 2016). Generally, the 
algorithms are based on the probabilistic assumption that the dimension 
of the masonry units are unknown and can only be defined with certain 
statistical distributions: 

Dn =Dn0(1+ σDn ⋅ Nx) (15)  

where Dn0 is the mean and σDn is the standard deviation of a dimension 
measure and Nx is a random variable following a predefined statistical 
distribution (usually normal distribution). Thus, the blocks are gener-
ated and placed in an order defined by the generation algorithm, con-
structing the masonry pattern. 

A simple 2D pattern generator algorithm was recently presented by 
Vadalà et al. (2022). It can generate coursed rectangular masonry pat-
terns defined by a random distribution of the unit widths and course 
heights (Fig. 24). The algorithm inputs are the minimum and maximum 
values of the number of units in a row, width, and height. The di-
mensions of the blocks are calculated according to Eq. (15). Further-
more, quoin stones, with predefined widths, can be defined at the ends 
of the masonry walls. 

Cusatis (Angiolilli et al., 2021; CusatisZdeně et al., 1061) proposed 
an algorithm suitable for rubble masonry, where the input data are the 
minimum and maximum particle size, their distribution, the 
stone-mortar, water-mortar ratios and mortar content. First, spherical 
particles are generated in a specified volume (Fig. 25a), and then 
Delaunay tetrahedralisation is performed to define the interactions be-
tween particles. Finally, a domain tessellation is defined to create the 
faces of the units (Fig. 25b). The variation of mechanical properties of 
irregular masonries can be quantified with lattice discrete particle 
modelling (LDPM) because of its intrinsic stochastic nature. The method 
was also verified for modelling OOP loading (Ibrahim et al., 2019). 
However, the validation framework involved case studies with suspi-
ciously monolithic behaviour. 

A 2D masonry generator algorithm was proposed by Zhang et al. 
(Fig. 26) (Zhang et al., 2018), extending on the previous work of Miyata 

Fig. 23. Capacity curves for out-of-plane overturning depending on the 
connection of leaves (Giuffré, 1996). 

Table 4 
Investigation of morphological properties through ND and MD tests (Kržan et al., 
2015; Bosiljkov et al., 2010).  

Morphologic properties Appropriate ND and MD methods 

ND1 ND2 ND3 ND4 MD1 

Thickness of the structural element   × × ×

Detection of leaves and their thickness   × × ×

Location of detachments of the outer layer   × × ×

Investigation of the homogeneity of the 
masonry  

× × ×

Location of larger voids  × × ×

Investigation of masonry pattern behind 
plaster 

× ×

N1 –Thermography, N2 – Sonic test, N3 – Radar, N4 – Ultrasonics, M1 – 
Endoscopy. 
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(1993). Both generation algorithms can generate masonry patterns from 
regular to rubble masonry bond patterns. A synoptic representation of 
their algorithm is represented in Fig. 26. 

Recently, a 3D masonry pattern generator has been proposed by 
Shaqfa (Shaqfa and Beyer, 2022), able to generate multi-leaf masonry 
walls ranging from rouble to regular. The algorithm consists of the 
generation of boxes with random dimensions, calculated by Eq. (15), 
and they are placed in a position determined by a constrained packing 
optimisation problem, which mimics the building process of the mason 
(Fig. 27). The placement of stones is calculated with the minimisation of 
an objective function, comprised of the weighted sum of three param-
eters, namely: (i) distance between the current and previous units 
(reducing the travel distance of the mason), (ii) vertical staggering of the 
head joints (good interlocking) and (iii) horizontality of the laying 
surfaces (good vertical stress distribution). Once all the boxes have been 
placed, they are substituted by synthetically generated, complex stone 
shapes and the voids are filled with mortar. 

It is worth underlining that most of the developed generators are 
suitable for specific masonry typologies, whereas even the most general 
frameworks cannot systematically cover the all masonry typologies 
range. Furthermore, all the generators mentioned above are driven by 
the principle defined in Eq. (15), resulting in various masonry patterns 
orphaned of mechanical meaning since no adequate parametrisation as 
defined in Section 2.2 were considered. Therefore, proper parameters 
such as QI-s should be included in the generation algorithms to correlate 

the structural response and the generated masonry pattern. 

3. Comparison in terms of masonry textures generated following 
different approaches 

The artificial generation of patterns plays a fundamental role in 
assessing the influence of masonry textures. In fact, ancient masons’ 
skillset was reflected in their capacity to allocate masonry units, 
respecting a certain range of deviations from the “rules of art”. There-
fore, as the outcome of the above-presented literature review, the 
following research questions might be posed: 

RQ1: What is the correlation between the overall quality of the 

Fig. 24. Steps of pattern generation by Vadalà et al. (Vadalà et al., 2022).  

Fig. 25. Rubble masonry generation by Cusatis et al. (Angiolilli et al., 2021) a) 
Randomly generated sphere distribution and b) failure planes around the par-
ticles (Rios et al., 2022). 

Fig. 26. Pattern generation by Zhang (Zhang et al., 2018) and Miyata 
(Miyata, 1993). 

Fig. 27. Placement rule of units following the objective function (Shaqfa and 
Beyer, 2022). 
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masonry pattern and the structural performance? 
RQ2: Can we systematically reduce the number of in situ tests 

increasing the knowledge about the correlation between masonry 
quality and RMs? 

To this end, a preliminary parametric study has been developed, 
carrying out 2D pushover analyses of single-leaf shear wall specimens. 
Each specimen is defined by a rectangular wall panel of 6.00 × 3.00 ×
0.20 m3 in size with a coursed rectangular masonry pattern (Fig. 28). 
The masonry patterns are characterised by three QI-s, namely: (i) block 
area Ab, (ii) block aspect ratio βb and (iii) vertical line of minimum trace 
Ml. 

Throughout the analysis, three levels of pattern quality ({Ab [cm2],

βb [ − ],Ml [ − ]}) are considered:  

• Low {135,0.54,1.45}
• Normal {175,0.44,1.60}
• Good {215,0.34,1.75}

The Normal quality pattern has been chosen according to average 
values, according to (Baggio and Carocci, 2000; Binda et al., 1999), 
while the Good and Low quality patterns have been acquired with a 
consistent addition or subtraction from all three QI-s considered. For 
each pattern quality, 50 consistent quality masonry textures have been 
generated. Furthermore, additional 50 samples have been created with 
the generator developed by Vadalà et al. (Caprili et al., 2017), in which 
the unit dimensions have been taken consistently with the Normal 
quality masonry pattern described above, while no considerations on the 
QI-s have been considered. In total, 4 × 50 = 200 specimens have been 
simulated via a computer program which implements a micro limit 
analysis algorithm (Szabó et al., 2022; Gilbert et al., 2006) and the 
resulting horizontal load factors (λ) have been collected. One should 
note how the results are scale independent since mass proportional 
loading has been considered without the involvement of overload. 

Fig. 29 represents the distribution of load factors of the generated 

samples, considering the masonry pattern’s quality. One can observe 
how the average values of the Normal and Good quality samples in-
crease by a percentage equal to 14% and 26%, concerning the Low 
quality masonry patterns. Furthermore, Fig. 29 shows a reduction of the 
results scattering, with coefficients of variation passing from 4.48% for 
Low quality, to 2.43% and 2.13% for the Normal and Good quality 
masonries, respectively. 

In Fig. 30, the results of the Normal quality masonry patterns (from 
Fig. 29) are compared with masonry patterns generated with the tool 
developed by Vadalà et al. (2022). Such a comparison underlines how, 
even though the mean values are approximately the same, their gener-
ator produced larger scattering in terms of load factor (Fig. 30). The 
coefficient of variation of the load factors is about double (4.73% vs 
2.34%). The results underline how masonry specimens with similar QI-s 
are characterised by relatively uniform structural behaviour. It is worth 
remarking that generator algorithms, including the skillfulness of the 
masons and, consequently, QI-s, are correlated with the structural per-
formance, resulting in the possibility of simulating several scenarios and 
making correlations between the simulation input parameters and the 
response measure. 

Due to the significant effect on the structural behaviour, assessment 
of HMS should include the systematic treatment of QI-s to consider the 
effect of masonry patterns. 

To this end, a general workflow is described in Fig. 31. The first stage 
involves the detection of the QI-s via NDT, which might be performed on 
one or multiple representative windows of the structure under investi-
gation. Then, the quantitative assessment of the QI-s shed light on the 
proneness of the structure to fail in a specific mode. One should note 
how both numerical and experimental investigations must be performed 
within the scope to find a correlation between QI-s and predominant 
failure modes, e.g. monolithic behaviour, disaggregation, etc. The 
outcome of the former stage drives the identification of the most suitable 
computational approach for simulating the case of the study (Fortunato 
et al., 2017; Funari et al., 2020a, 2020b, 2021b, 2021c, 2022b; Cattari 
et al., 2021; Castellazzi et al., 2017; Degli Abbati et al., 2019; Pantò 
et al., 2017; Giresini et al., 2019). Afterwards, an extensively 
semi-probabilistic numerical campaign can be performed by generating 
several masonry samples consistent with the QI-s surveyed at the first 
step of the proposed workflow (Fig. 31). Other uncertainty sources, 
which are not detectable during the inspection, such as cross-section 
patterns, mechanical properties, loads and boundary conditions, might 
be introduced. A statistical analysis of the obtained RMs will allow 
identifying which parameters mostly affect the structural performance. 
Hence, additional NDT tests are recommended to refine the probabilistic 
assessment. One should note how the proposed workflow might also 
include other sources of uncertainty, i.e. material properties. 

Fig. 28. Geometry and QI-s of the shear wall specimen considered in the 
parametric study. 

Fig. 29. Distribution of the simulated load factors corresponding to different 
masonry patterns quality. 

Fig. 30. Distribution of the simulated load factors. Comparison between the 
samples generated with similar QI-s and ones generated by Vadalà et al. (Vadalà 
et al., 2022) algorithm. 
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4. Final remarks 

This paper presents a comprehensive literature review of masonry 
typologies and their characterisation through geometric measures, i.e. 
QI-s. The following points summarise the finding of this study. 

• Ancient builders consciously tended towards universal good prac-
tices, following the so-called “rules of art”, which provide an efficient 
measure for assessing the quality of masonry patterns of any type.  

• The masonry pattern quality can be measaured with QI-s. These 
provide a quantitative characterisation of masonry patterns 
compared to the qualitative criteria in engineering and standard 
classifications.  

• The quality of the masonry concurs with boundary and loading 
conditions to define the structural performance of HMS.  

• QI-s are generally interdependent. Their coupled effect is usually 
neglected in the existing literature, bringing in erroneous evaluations 
of the masonry patterns’ effect. 

• QI-s treated singularly cannot adequately describe masonry struc-
tural behaviour. Consequently, a set of QI-s is needed to characterise 
masonry patterns properly.  

• NDT allows the surveying of masonry patterns while minimising 
invasiveness. However, the cross-section survey is still challenging. 
Thus, the effect of morphology must be assessed following a proba-
bilistic approach rather than a deterministic one. 

• In conjunction with surveying, masonry pattern generator algo-
rithms enable the systematic study of masonry pattern quality. 
Therefore, the importance of implementing proper digital tools to 
generate masonry specimens with consistent QI-s, has been 
underlined.  

• Even after extensive surveying, the level of knowledge of an HMS is 
characterised by a level of uncertainty. Thus, probabilistic ap-
proaches should be developed, accounting for limited knowledge of 
the structure under investigation.  

• Quantitative interdependence of QI-s will be investigated in future 
works by using multidimensional analysis tools such as Principal 
Component Analysis 
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Vulnerabilità Sis-Mica Degli Edifici Ordinari. CNR-Gruppo Nazionale per la Difesa 
dai Terremoti, Rome.  

Binda, L., 2001. State of the Art of Research on Historic Structures in Italy Historic 
Masonry Structures View Project Masonry Materials Testing View Project. 
https://www.researchgate.net/publication/237440027. 

Fig. 31. Steps of the proposed framework to treat masonry patterns and additional uncertainties in the seismic assessment of HMS.  
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Giuffré, A., 1996. A mechanical model for statics and dynamics of historical masonry 

buildings. In: Protection of the Architectural Heritage against Earthquakes. Springer, 
Vienna, pp. 71–152. 

Giuffre, A., Pagnoni, T., Tocci, C., 1994. In-plane Seismic Behavior of Historic Masonry 
Walls, 10th International Brick and Block Masonry Conference. 

GNDT/SNN, 2002. Manuale per la compilazione della scheda di 1◦ livello di rilevamento 
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S. Szabó et al.                                                                                                                                                                                                                                   

http://refhub.elsevier.com/S2666-1659(23)00001-7/sref9
http://refhub.elsevier.com/S2666-1659(23)00001-7/sref9
http://refhub.elsevier.com/S2666-1659(23)00001-7/sref10
http://refhub.elsevier.com/S2666-1659(23)00001-7/sref10
http://refhub.elsevier.com/S2666-1659(23)00001-7/sref11
http://refhub.elsevier.com/S2666-1659(23)00001-7/sref11
http://refhub.elsevier.com/S2666-1659(23)00001-7/sref11
http://refhub.elsevier.com/S2666-1659(23)00001-7/sref12
http://refhub.elsevier.com/S2666-1659(23)00001-7/sref12
http://refhub.elsevier.com/S2666-1659(23)00001-7/sref13
http://refhub.elsevier.com/S2666-1659(23)00001-7/sref13
http://refhub.elsevier.com/S2666-1659(23)00001-7/sref14
http://refhub.elsevier.com/S2666-1659(23)00001-7/sref14
http://refhub.elsevier.com/S2666-1659(23)00001-7/sref14
https://doi.org/10.1016/j.engstruct.2005.12.004
https://doi.org/10.1016/j.engstruct.2005.12.004
https://doi.org/10.1007/s10518-015-9731-4
https://doi.org/10.1007/s10518-015-9731-4
https://doi.org/10.3390/heritage3040065
https://doi.org/10.3390/heritage3040065
http://refhub.elsevier.com/S2666-1659(23)00001-7/sref18
http://refhub.elsevier.com/S2666-1659(23)00001-7/sref18
http://refhub.elsevier.com/S2666-1659(23)00001-7/sref18
https://doi.org/10.1007/S10518-014-9652-7
https://doi.org/10.1007/S10518-014-9652-7
http://refhub.elsevier.com/S2666-1659(23)00001-7/sref20
https://doi.org/10.1016/J.CONBUILDMAT.2009.11.001
https://doi.org/10.4203/ccp.81.195
https://doi.org/10.1007/S10518-017-0158-Y
https://doi.org/10.1007/S10518-017-0158-Y
http://refhub.elsevier.com/S2666-1659(23)00001-7/sref24
https://doi.org/10.1007/s11012-013-9728-5
https://doi.org/10.1016/J.ISTRUC.2020.11.083
https://doi.org/10.1016/j.engstruct.2016.11.032
http://refhub.elsevier.com/S2666-1659(23)00001-7/sref28
http://refhub.elsevier.com/S2666-1659(23)00001-7/sref28
https://doi.org/10.1016/J.JOBE.2021.102519
https://doi.org/10.1098/rspa.2020.0439
https://doi.org/10.1098/rspa.2020.0439
http://www.springer.com/series/10616
https://doi.org/10.1016/S0950-0618(03)00007-2
https://doi.org/10.1016/S0950-0618(03)00007-2
http://refhub.elsevier.com/S2666-1659(23)00001-7/sref33
http://refhub.elsevier.com/S2666-1659(23)00001-7/sref33
https://doi.org/10.1061/ASCE0733-93992003129:121449
http://refhub.elsevier.com/S2666-1659(23)00001-7/sref35
http://refhub.elsevier.com/S2666-1659(23)00001-7/sref35
http://refhub.elsevier.com/S2666-1659(23)00001-7/sref36
http://refhub.elsevier.com/S2666-1659(23)00001-7/sref36
https://doi.org/10.1080/15583058.2010.530339
https://doi.org/10.1080/15583058.2010.530339
https://doi.org/10.1007/s10518-021-01243-5
https://doi.org/10.1007/s10518-021-01243-5
https://doi.org/10.1002/eqe.3613
http://refhub.elsevier.com/S2666-1659(23)00001-7/sref40
http://refhub.elsevier.com/S2666-1659(23)00001-7/sref40
http://refhub.elsevier.com/S2666-1659(23)00001-7/sref40
http://refhub.elsevier.com/S2666-1659(23)00001-7/sref40
https://doi.org/10.1145/2661229.2661266
https://doi.org/10.1145/2661229.2661266
http://refhub.elsevier.com/S2666-1659(23)00001-7/sref42
http://refhub.elsevier.com/S2666-1659(23)00001-7/sref42
http://refhub.elsevier.com/S2666-1659(23)00001-7/sref42
https://doi.org/10.1007/s10518-010-9224-4
https://doi.org/10.1007/s10518-010-9224-4
https://doi.org/10.1007/978-3-030-90788-4_16/COVER
https://doi.org/10.1007/978-3-030-90788-4_16/COVER
https://doi.org/10.1007/978-3-031-15104-0_14/COVER
https://doi.org/10.1007/978-3-031-15104-0_14/COVER
https://doi.org/10.1016/J.CONBUILDMAT.2020.122168
https://doi.org/10.1016/J.CONBUILDMAT.2020.122168
https://doi.org/10.1016/j.culher.2017.01.010
https://doi.org/10.1016/j.culher.2017.01.010
https://doi.org/10.1016/j.jobe.2020.101425
https://doi.org/10.1016/j.jobe.2020.101425
http://refhub.elsevier.com/S2666-1659(23)00001-7/sref49
http://refhub.elsevier.com/S2666-1659(23)00001-7/sref49
https://doi.org/10.3390/app11030942
https://doi.org/10.3390/SU131911088
https://doi.org/10.3390/SU131911088
https://doi.org/10.1080/15583058.2021.1992539
http://refhub.elsevier.com/S2666-1659(23)00001-7/sref53
http://refhub.elsevier.com/S2666-1659(23)00001-7/sref53
https://doi.org/10.1615/IntJMultCompEng.2021040212
https://doi.org/10.1615/IntJMultCompEng.2021040212
https://doi.org/10.1016/j.compstruc.2006.02.005
https://doi.org/10.7712/120119.6950.19405
http://refhub.elsevier.com/S2666-1659(23)00001-7/sref57
http://refhub.elsevier.com/S2666-1659(23)00001-7/sref58
http://refhub.elsevier.com/S2666-1659(23)00001-7/sref58
http://refhub.elsevier.com/S2666-1659(23)00001-7/sref58
http://refhub.elsevier.com/S2666-1659(23)00001-7/sref59
http://refhub.elsevier.com/S2666-1659(23)00001-7/sref59
http://refhub.elsevier.com/S2666-1659(23)00001-7/sref60
http://refhub.elsevier.com/S2666-1659(23)00001-7/sref60
http://refhub.elsevier.com/S2666-1659(23)00001-7/sref60
https://doi.org/10.1016/j.engstruct.2021.112175
https://doi.org/10.1016/J.ENGSTRUCT.2022.114734
https://doi.org/10.1016/J.ENGSTRUCT.2022.114734
https://doi.org/10.1016/j.engstruct.2020.110337
http://refhub.elsevier.com/S2666-1659(23)00001-7/sref64
http://refhub.elsevier.com/S2666-1659(23)00001-7/sref64
http://refhub.elsevier.com/S2666-1659(23)00001-7/sref65
http://refhub.elsevier.com/S2666-1659(23)00001-7/sref65
http://refhub.elsevier.com/S2666-1659(23)00001-7/sref65
http://refhub.elsevier.com/S2666-1659(23)00001-7/sref65
http://refhub.elsevier.com/S2666-1659(23)00001-7/sref66
http://refhub.elsevier.com/S2666-1659(23)00001-7/sref66
https://doi.org/10.1007/s10518-014-9686-x
http://refhub.elsevier.com/S2666-1659(23)00001-7/sref68
http://refhub.elsevier.com/S2666-1659(23)00001-7/sref68


Developments in the Built Environment 13 (2023) 100119

18

Lombardi, F., Lualdi, M., Garavaglia, E., 2021. Masonry texture reconstruction for 
building seismic assessment: practical evaluation and potentials of Ground 
Penetrating Radar methodology. Construct. Build. Mater. 299 https://doi.org/ 
10.1016/j.conbuildmat.2021.124189. 

Lourenço, P.B., Mendes, N., Costa, A.A., Campos-Costa, A., 2017. Methods and 
challenges on the out-of-plane assessment of existing masonry buildings. Int. J. 
Architect. Herit. 11, 1. https://doi.org/10.1080/15583058.2017.1237114. 
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Stepinac, M., Kisicek, T., Renić, T., Hafner, I., Bedon, C., 2020. Methods for the 
assessment of critical properties in existing masonry structures under seismic 
loads—the ARES project. Appl. Sci. 10, 1576. 

Swiss Society of Engineers and Architects SIA, 2003. SIA 266 Masonry. Zürich, 
Switzerland.  
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