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A considerable amount of historic masonry structures (HMS) are composed of irregular stone. However, few
studies have systematically investigated the influence of masonry patterns (or masonry unit arrangements) on
structural behaviour. The main difficulty stems from the pattern acquisition and the definition of adequate
parameters that correlate the pattern with the structural behaviour. To this aim, this paper presents a stochastic
2D coursed-rectangular masonry pattern generator that incorporates geometric quality indexes (QI) to generate
patterns with consistent masonry quality and structural behaviour. The generator’s input parameters separately
consider the available stone units and the "virtual mason™s skill level to cover the range of possible pattern
qualities. Finally, micro limit analysis simulations show how deviation from the "rules of art" reduces strength
capacity by up to 30%. Furthermore, it has been discussed how masonry patterns generated with selected QI-s
show consistent structural behaviour, e.g. reducing the coefficient of variation of the strength capacities by 15%.

1. Introduction

Although fabrication procedures of masonry have evolved to reflect
modern advancements [1-3], stone masonry remains one of the most
used materials since ancient times [4]. Over the centuries, a wide variety
of building construction techniques have been developed for historic
masonry structures (HMS) due to geographical location, raw material
availability, technology development, and workers’ skills. Such a variety
of masonry typologies makes the systematic assessment of HMS difficult.
Even referring to brick masonry, which is normally characterised by
more rigorous arrangement rules, bond patterns and the number of
leaves play a relevant structural role [5], [6]. Referring to stonework,
making regular arrangements with stone units significantly increased
the complexity and cost of the building process. For this reason, ancient
masons’ skills were paramount in generating good-quality patterns,
allocating stone units of different sizes and shapes within the wall,
resulting in irregular masonry patterns (Fig. 1). One can note how stone
masonry patterns, influenced by both the skills of the mason and the
available stone units, significantly impact the structural response of
HMS. Therefore, conducting a comprehensive investigation into the
typologies of masonry patterns is particularly relevant for safeguarding

our built cultural heritage [4], [7].

Given that masonry patterns affect the structural response of struc-
tural elements, their proper geometric definition is of utmost importance
when the analyst deals with detailed or simplified micromodels [8-11].
However, the inherent complexity of generating irregular masonry
patterns has caused a lack of numerical research in this area [12]. In the
literature, two different approaches are found regarding the generation
of irregular masonry patterns, i.e. survey of real masonry structures and
virtual masonry generation algorithms. The former provides the most
realistic masonry patterns, even though the actual survey of masonry
patterns is costly, time-consuming and often only in the external faces,
making systematic investigations difficult [13,14]. On the contrary,
virtual pattern generators offer a powerful and efficient method for
generating masonry patterns, with a limitation regarding the complexity
of identifying consistent criteria to vary the masonry pattern. In fact,
only a limited number of masonry pattern generator algorithms have
been proposed in the literature [15]. These algorithms are based on
probabilistic assumptions, with the masonry units’ overall dimensions
unknown and defined with certain statistical distributions. Subse-
quently, blocks are randomly generated and placed using an arrange-
ment rule defined a priori in the generation algorithm, resulting in the
construction of the masonry pattern. The main limitation of the
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Nomenclature W, Wall geometry’s width
Ap Block area
Symbol My Vertical line of minimum trace
hy Block height (block parameter) M Diagonal line of minimum trace
By Block asPect ratio (block parameter) MURUR Structured path UP-RIGHT-UP-RIGHT
Wo Block width Mlpuy  Vertical line of minimum trace of running bond pattern
Vimin Overlap factor (mason parameter) M" ical li £ mini ¢ d d
B Block aspect ratio set (mason’s memory) To Vertical line of minimum trace of a random a random
. arrangement of blocks

|B| E/}ock a;pect ratlto S(; length (mason parameter) M Imterlocking increment
Hx €an o para'rne. er AMY Scaled reduction of the vertical line of minimum trace
ox Stand.a1.rd dev1at10.n (.)f parameter X my Importance of the mason’s skillfulness
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O(h,p) Objective function Pw all aspect ratio
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is constrained to attain a realistic masonry pattern.
Coursed- Uncoursed- Uncoursed- Finally, Shaqfa et al. [22] developed a 3D masonry pattern generator
rectangular rectangular random for multi-leaf masonry walls ranging from regular to rubble. The algo-
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Fig. 1. Different types of stone masonry patterns with increasing levels of ir-
regularity [7].

available generator algorithms stems from the implementation of the
unit arrangement rules. To this end, as follows, state-of-the-art genera-
tors are discussed in order to highlight their strengths and weaknesses.

Vadala et al. [16] presented a simple 2D pattern generator algorithm
that creates structural elements characterised by coursed-rectangular
masonry patterns. The algorithm uses random distributions for unit
lengths and masonry course heights and fills each masonry course
sequentially, starting from the bottom and working upwards. Only the
unit dimensions are provided as input data without considering the
arrangement rule.

Mercuri et al. [17] and Angiolilli et al. [18] proposed a generator
algorithm for rubble masonry patterns where the geometric input data
are the particle size distribution and the stone-mortar ratio. First, par-
ticles are randomly generated, and then the units are defined by
Delaunay tetrahedralization. Due to the intrinsic stochastic nature of the
method, the uncertainties inherent in the mechanical properties of
rubble masonry specimens can be quantified. One can note that the
distribution of particles is only controlled by the particle properties,
with no arrangement rule introduced in the algorithm. This approxi-
mates such highly irregular masonries well but may provide incorrect
structural results given the lack of arrangement rules implemented.

Zhang et al. [19] developed a 2D masonry generator algorithm,
extending the previous work of Miyata [20]. Both generation algorithms
can produce masonry patterns from regular to rubble bond types by first
placing rectangular blocks and then splitting and distorting them to
reach more irregular masonry typologies. Even in this case, the algo-
rithm does not explicitly input unit arrangement rules.

Pereira et al. [21] proposed a generator algorithm for two-leaf ma-
sonry walls with coursed-rectangular masonry patterns. The algorithm
employs a sample pattern that implicitly defines the distribution of unit
sizes, where the probability of occurrence is based on the unit’s surface
area. Additionally, the alignment of vertical joints in subsequent courses

rithm generates boxes with random dimensions defined by an input
distribution. Hence, the boxes are placed according to a constrained
packing optimisation problem, which mimics the building process of the
mason accounting for multiple geometric measures (e.g. good inter-
locking, less travel time for the mason during construction and hori-
zontality of laying surfaces).

It is worth underlining that even though the above generator algo-
rithms can cover a wide range of masonry typologies, few considerations
about arrangement rules have been considered. As stated in the litera-
ture [23], the quality of arrangement significantly affects the structural
performance of unreinforced masonry (i.e. the constitutive material
properties); thus, using virtual generators, which do not account for
arrangement rules is likely to provide unreliable structural responses
[7]. Therefore, proper parameters such as geometric quality indexes (QI)
should be included in the generation algorithms to correlate the
generated masonry pattern with the structural response. In this paper, a
2D coursed-rectangular masonry pattern generator is developed incor-
porating arrangement rules, which are able to produce consistent ma-
sonry quality using geometric QI-s. The generated masonry patterns can
be subsequently used in any detailed or simplified micro-modelling
numerical approach to perform accurate structural assessments. It
should be noted that the proposed generator algorithm only considers
the surface (in-plane) pattern to simulate the behaviour of single-leaf
walls. However, the majority of HMS are made of multi-leaf masonry
walls, where the cross-section patterns considerably influence the
out-of-plane behaviour. Hence, the through-the-thickness generator will
be considered for future improvements of the proposed methodology.

In order to properly develop the pattern generator, three concurrent
research questions have been defined:

RQ1: How can the quality of a masonry pattern be characterised
using the QI-s?

RQ2: Are the generated masonry patterns consistent with the
input parameters?

RQ3: Can QI-s be considered an effective measure for assessing
the structural performance of masonry structures?

The following outline traces the path to answer the above questions.
Section 2 presents the functionalities and steps of the generator algo-
rithm and defines the input parameters employed. In Section 3, the
considered QI-s are presented, and their correlation with the generator
input parameters is defined. Subsequently, Section 4 investigates the
sensitivity of the generated masonry patterns on the input parameters.
Section 5 discusses the correlation between QI-s and structural capacity
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by considering different geometric and mechanic configurations and
simulating them in a micro limit analysis (LA) framework. Finally,
relevant conclusions are drawn in Section 6.

2. Masonry generator algorithm

In order to perform accurate structural assessments of existing ma-
sonry buildings, complete geometric surveys are needed. However, a
complete geometric survey involving the masonry pattern can some-
times not be performed due to the high cost, particularly if the plaster
covers the surface pattern. To cover this research gap, the proposed
masonry pattern generator employs limited masonry pattern informa-
tion to predict the masonry arrangement layout of the whole structure.
Thus, It is assumed that the surveyed area, where the masonry pattern is
considered, represents the whole structural element. Such an assump-
tion could lead to erroneous interpretation in the case of i) a small
surveyed area, ii) a very variable masonry pattern, iii) a pattern char-
acterised by multiple distributions. Thus, a proper survey of the masonry
pattern, with multiple survey windows, is always recommended.

Fig. 2 shows the general steps of the proposed pattern generation
algorithm. First, the survey of the pattern is carried out in a limited area
(STEP 1), and subsequent calculation of QI-s (STEP 2) is performed.
Afterwards, the overall geometry of the masonry wall under consider-
ation must be defined (STEP 3). Hence, random masonry patterns can be
generated using the surveyed QI-s (STEP 4). Such patterns provide the
basis for further structural analyses to determine its structural response.
One can note that STEPs 3 and 4 can be performed without a survey to
conduct a parametric analysis for statistical assessment purposes. This
paper deals with the pattern generation algorithm (STEP 4), while de-
tails about the other steps can be found in the relevant literature [13],
[15], [24-27].

The input parameters of the proposed generator can be separated
into two groups, namely i) block parameters and ii) mason (i.e. work-
manship) parameters. This discretisation also distinguishes the sources
of uncertainties affecting the construction process of a masonry struc-
ture. Therefore, the block parameters consist of the block height (h;) and
aspect ratio (f,), given by a statistical distribution defined by the
available stone units. The mason parameters are the overlap factor (Vyin)
and block set length (|B|), which consider the skillfulness of the mason
and the unit arrangement rule. These four input parameters, detailed in
the next two sections, provide a random arrangement of blocks with a
consistent masonry quality and, consequently, structural behaviour.

STEP 1 STEP 2

Engineering Structures 304 (2024) 117604
2.1. Block parameters

The block parameters define the available stone units on the con-
struction site and do not affect the assembly rule of the structure. The
blocks are defined from rectangular units, characterised by the block
height (hp), length (w;), and aspect ratio () given by hy /wp,. Within the
generator algorithm, the block parameters’ values for each block are
sampled from a normal distribution defined by a mean (uy) and standard
deviation (ox) (Fig. 3).

X = {xlx ~ N(uy,0x*) } (@D)]

The choice of a normal distribution has been supported by the
assumption that the dimensions of the stone units comply with the
central limit theorem [28-30], given the stones are randomly selected
from the quarry. While this assumption may not be true for all masonry
types, in the lack of region or structure-specific surveys, the use of a
normal distribution seems to be the best assumption. It should be noted
that the wj, is a function of both the height and aspect ratio, which results
in more consistent masonry quality compared to the unit length being an
independent parameter. This is due to the high influence of the aspect
ratio on the overlapping between adjacent blocks. Such an assumption is
also supported by the findings of Milani et al. [31], who show that the
distribution of block heights is relatively symmetric, close to a normal
distribution, while the block length distribution is skewed to the left.
While the observations in [31] only refer to a case study, similar dis-
tributions were surveyed by the authors on other masonry prototypes, as
will be presented in Section 4.2. If a normal distribution defines the
block height and aspect ratio, the resulting block length distribution is
skewed and reflects well with the above-mentioned experimental
observations.
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Fig. 3. Block parameters, a) distribution definition, b) block definition.
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Fig. 2. Schematic steps of the masonry pattern generation.
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2.2. Mason parameters

Mason parameters’ role is to account for the assembly rule. They can
calibrate the level of skillfulness of the "virtual mason" and have no ef-
fect on the distribution of block dimensions. The first parameter is the
block set length (|B|), which defines the number of possible blocks that
the mason can consider for each placement (Fig. 4a). The second
parameter is the overlap factor (v,;,), which defines the relevance given
to staggered vertical joints. Hence, a fitness criterion is defined by an
objective function O(h,f8), which gives preference to higher overlapping
(defined by the distance between the vertical joint of the current block
and the course below) between blocks:

]12’21’1 |.ij + hj//jj — (XI + W[)|
O(hj,ﬂj) = max | 1 —-=—= 0 2

Wi*Unnin

Here, the subscript j denotes the current block and C;_; represents a
list of the previous course of units, x and w being their horizontal po-
sition and length, respectively, and v,,;, ranges from 0 (no consideration
to overlapping) to 0.5 (i.e. preference to the maximum 50% overlap
between the blocks). The function expressed in Eq. (2) is graphically
represented in Fig. 4b. One can note how it takes a value of 1.0 around
the vertical joints and linearly decreases to zero. If multiple possible
aspect ratios attain the same objective function value, the one with the
smaller index in B is placed in the wall, i.e. the closest to the virtual
mason. It should be argued that the choice on the value of |B| is very
influential on the generated masonry pattern. If |B| is small, the mason
has little choice of blocks, so the assembly rule tends to have less sig-
nificance, while if |B| is set to greater values, the pattern tends to a
regular bond, providing the best possible interlocking. In order to better
address the earlier mentioned consideration regarding the mason pa-
rameters, the generator sensitivity is further discussed in Section 4.

2.3. Masonry pattern generator: algorithm description

The masonry pattern generator makes arrangements of units, pro-
gressing course by course from the bottom up, and adding one block at a
time, moving from left to right. The algorithm decides which block
should be placed in the wall for each block placement. The "virtual
mason" is characterised by a memory, i.e. the number of consecutive

Considered blocks

y

Block set
B
A

B= {D’ L

L
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available units it can consider (|B|), and attention to select the most
fitting block in a particular position (Vii,). When the virtual mason
places a block into the wall, the same is removed from his memory, and a
new random unit becomes available. In the following, the masonry
pattern generator workflow is presented:

e Step 1. Generation of a set of course heights, sampled from the input
distribution Ny (¢, o) until the sum reaches the predefined wall height
(Hw).

H = {hlhy ~ N(u,,04)} 3)

Step 2. Generation of a set of aspect ratios, sampled from the input
distribution, Nj(u, ) with length n = |B|.

B= {ﬁ'ﬁ ~ N(ﬂ/fv”ﬂ)} 4

Step 3. At each course, select the next course height h; € H

Step 4. Calculate the aspect ratio (§;;) that minimises the objective

i
h;}, in the masonry wall in the position {x;j_1 +w;j_1,¥ij-1} if j # 0,
or in the position {0,y;_1 0 +h;} otherwise.

function O(h, ) and place the next block, having dimensions {h;/p

B, = arg minO(p) (5)
peB

Step 5. Remove /ifj from B and replace it with a random sample taken
from Nj.

Step 6. Repeat Step 4-5. until the wall width (W,,) is filled.

Step 7. Repeat Step 3-6. until all the elements in H have been all
used (the height of the wall is filled).

The generator algorithm has been implemented in a custom JAVA
code, schematically represented by its Unified Modelling Language
(UML) class diagram in Fig. 5. It should be noted that the class diagram
has been simplified for better readability, representing only the most
important components of the algorithm. The code follows object-
oriented principles, where each masonry unit, contact interface, QI,

Selection of the optimal block

Fig. 4. Mason parameters, a) block set length, b) overlap factor.
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<<boundary>>

BlockParameter

*

mean : double
stdev : double

<<boundary>> 2
Op:emng <<entity>> 2 <<boundary>>
“ PatternProperty | MasonParameter
0.* +randomHeight() value : double
<<boundary>> +randomAspectRatio()
HaliGeometey 1 1 +getObjFunction()
<<entity>> <<control>>
Block X WallBuilder <<control>>
0. +generateUnits() InterfaceSearch
<<entity>> N <<call>>
|nf::flgyce 0.7 +generatelnterfaces|() =77 getinterfaces(block : List<Block>) : List<Interface>
+generatePattern()
\i/<<create>> <<control>>
QICreator
<<entity>> :
MasonryPattern A r——>{ +getQls(pattern : MasonryPattern) : List<QIData>
|
blocks : List<Block> 2!
<<entity>> 0. contacts : List<Interface> g : <<control>>
QlData = +generateQls() B i PatternExporter
<< >
+exportPattern() ———C§—9 +export(pattern : MasonryPattern) : boolean

Fig. 5. UML class diagram of the implementation of the generator algorithm.

etc., is represented by an object with its associated properties (block
dimensions, contact friction coefficient, QI value, etc.) and behaviour
(creating and modifying the pattern). The implementation follows the
builder design pattern because the definition of the masonry pattern
requires multiple steps and configurations, thus, its straightforward
creation would be convoluted. The WallBuilder object is responsible for
creating the block layout of the masonry pattern. It requires the Wall-
Geometry and PatternProperty objects, which define the masonry
specimen’s boundaries (and openings) and the pattern properties (block
and mason parameters). Across the implementation, several static utility
classes have been used to encapsulate the processing and the creation of
auxiliary pattern properties. For example, to calculate the interfaces in
the block layout, the InterfaceSearch utility class is called by the Wall-
Builder object, which returns the contact interfaces in a sorted list.
Finally, the block layout and interfaces are extracted to a separate
MasonryPattern object. If required, the MasonryPattern can call a utility
class to calculate the masonry quality indexes. Finally, the pattern in-
formation can be called by other methods in the same JAVA environ-
ment (for example, for structural analysis, as presented in Chapter 5) or
parsed and exported to several different file formats (.csv,.dxf, etc.),
which can be subsequently imported or read by any block-based struc-
tural analysis numerical tool to conduct advanced simulations of ma-
sonry structures. In Fig. 6, further functionalities of the generator
implementation are presented, namely i) the boundary of the masonry
specimen can be defined by a set of rectangles, ii) openings (with or
without lintel) of any dimension can be placed anywhere in the geom-
etry, iii) different pattern and material parameter regions can be defined
on the geometry, influencing the generated masonry pattern charac-
teristics, iv) quoin stones with predefined lengths can be defined at the
wall ends (and around openings), and v) custom blocks can be added
into an irregular masonry pattern.

In order to perform the pattern generations reported in this paper,
the developed algorithm was run on an Intel(R) Core(TM) i7-6700HQ

Custom blocks
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Fig. 6. Showcase of the functionalities of the generator implementation.

CPU-based PC (running at 2.60 GHz) with 16 GB RAM, running under
Microsoft Windows 10 Professional. Both the geometry generation and
the calculation of QI-s have a time complexity of O(ny?), where n, is the
number of units in the masonry wall. Generating a pattern with 2000
units takes approximately 2.90 s, and the calculation of its QI-s requires
0.5 s (Fig. 7). However, runtimes may vary due to JAVA’s Just-in-Time
(JIT) compiler, which optimises frequently used code; thus, after some
iterations, the same code takes less time to run on the same machine,
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Fig. 7. Time complexities of the pattern generation and QI calculation.
reducing the time cost of parametric analysis.
3. Correlation with geometric indexes

As mentioned in the previous section, the present algorithm’s main
aim is to generate random masonry patterns having consistent masonry
quality, which is representative of the structural behaviour. Several
studies attempted to quantify the quality of masonry by geometric in-
dexes, by measuring the deviations from the good building practices
("rules of art"). QI-s have been proposed for the surface and cross-section
pattern, both individually [12], [32-38] and combined into a system
[15], [27], since it has been seen that a single QI is insufficient to
characterise a masonry pattern. Several studies found a good correlation
between the Masonry Quality Index (MQI) framework proposed by Borri
et al. [27] and the mechanical properties of masonry [39], other studies
show a lack of relationship [40]. This might be due to the the significant
interactions among QI-s, which is disregarded in the framework of MQIL.
Furthermore, no consensus has been made on the optimal set of QI-s to
use. For additional information on the different QI-s in the literature, the
reader can refer to Szab¢ et al. [7].

Engineering Structures 304 (2024) 117604
3.1. Possible geometric indexes

Based on the state-of-the-art [7], five possible indexes have been
selected to be considered in this study:

e Block area A

e Block aspect ratio f3,

o Vertical line of minimum trace M

o Diagonal line of minimum trace MY

o Structured path UP-RIGHT-UP-RIGHTMRUR

The block area is defined simply as A, = hZ/f,, while the block
aspect ratio has been defined above, and the lines of minimum traces are
given by:

M, = Zyz_ll Hl_’i Py 6)

H‘l—)start B Bend

where p = [p1,p2, Pn] represents the shortest length polyline between

Py @2d p, ,, which are the middle points of the top and bottom of the

wall for M} (Fig. 8b), and the two opposite corners for M;’ (Fig. 8c).
Instead, M{RUR is defined as the structured path UP-RIGHT-UP-RIGHT
(Fig. 8d), according to Funari et al. [23]. It is obvious from their defi-
nitions that A, and f, are correlated with the input parameters of the
generator with simple relations. On the other hand, the correlation of
the line measures requires further investigation. It should also be noted
that many of the quality indexes in the literature reduce to a constant
value in the case of coursed rectangular masonry patterns. More com-
plex masonry patterns without defined horizontal courses, e.g. polyg-
onal units, require further elaboration of the considered geometric
indexes, such as in [7], [15], [27].

A parametric study has been conducted on 4.00 x 4.00 m? wall
specimens (Fig. 19a in Section 5) by varying the mason (v, = [0,0.5])
and block parameters (u,[mm] = {100, 200, 300}, u,[ — ] = {0.4, 0.6,
0.8}), and generating 50 different patterns for each setting level of the
parameters. Fig. 9 shows the ranges (incorporating different height and
aspect ratio dispersion levels CVx = {5%,10%,15%}) for the three line
measures as a function of the overlap parameter (vp,;;) and mean aspect
ratio (u,). M has shown dependence in both the block and mason pa-
rameters; thus, it is considered adequate for the generator algorithm
(Fig. 9a). The results indicated that the value of M{ is not substantially
affected by changes in pattern parameters (Fig. 9b). However, it is
anticipated that M{ will become significant when considering non-
rectangular units, as the length of the diagonal polyline is influenced

d URUR
! Ba M I Bu

M
I QI
| | I“

Fig. 8. Considered geometric line measures, a) survey window, b) vertical, ¢) diagonal line of minimum trace, d) structured path UP-RIGHT-UP-RIGHT.
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Fig. 9. Dependency of line measures on the generator input parameters, a) vertical line of minimum trace, b) diagonal line of minimum trace, c) structured path UP-
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by the inclination of the block edges. Instead, the value of MVRUR de-
pends on the block parameters, though the mason parameters do not
significantly influence it; thus, it is only a characteristic of the available
stone units (Fig. 9¢). In order to reduce the number of considered QI-s,
only the vertical line of minimum trace (M;) has been considered in
the following.

3.2. Vertical line of minimum trace

The vertical line of minimum trace of regular, running, bond ma-
sonry patterns can be easily determined as a function of the units’ aspect
ratio:

1
=14z
2p,

In the case of irregular masonry patterns, without an arrangement
rule (random placement of blocks), it can be assumed that the overlap
between two units of adjacent courses is characterised by a homogenous
symmetric distribution between 0 and the half-length of the unit
(,/2u4)- Thus, the vertical line of the minimum trace can be computed

M gun (By) 7

simply by the average value:

1 Hn
w1
Hi 4p,

Mo (1y) @)

For a given mean aspect ratio (), Eq. (8) can be considered as the
lower bound (blue line in Fig. 10a) and Eq (7) can be considered as the

upper bound (red line in Fig. 10a) for the vertical line of minimum trace

24
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12 T T T
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a) Mean aspect ratio 4 [-]

O
~

because they correspond to a random placement and "perfect" work-
manship, respectively. The interlocking increment (6M;) is defined as
the difference between a pattern’s vertical line of minimum trace and
the random block placement, as presented by the hatched area in
Fig. 10a. For a given y,, the maximum interlocking increment of the
running bond pattern can be computed as:

1

4p,
It has been observed that for any coursed-rectangular irregular ma-
sonry pattern, the scaled reduction of the vertical line of minimum trace
(AM)) is invariant with respect to the aspect ratio and only a function of
the dispersion of the aspect ratio (given by the coefficient of variation
CVy) and the overlap parameter (Vi;), and is given by:

M; ruy (/4/3) - M (ﬂﬂv CVy, Vmin)
OM run (/4/;)

The scaled reduction of the vertical line of minimum trace defines
where a masonry pattern lies in the range between Mlv o (AM] =1.0) and
M pyy (AM; = 0.0). This relationship enables one to decompose the line
of minimum trace into two parts, analogously to the input parameters,
where the first part is defined by the dimensions of the available stone
units, and the second part considers the arrangement rule of the blocks,
as:

M (:“/J: CVp, Vmin) =M, (ﬂ/;) +6M; gy (P‘ﬂ)‘(l - AM;'(CVﬂv Vmi"))

M) ruy (By) = M gun(By) — Mo (B,) 9

AM;’(CV/;7 Vmin) = (10)
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Fig. 10. Correlation of the vertical line of minimum trace with the generator input parameters, a) lower and upper bounds, b) generated patterns’ position between

the bounds as a function of the input parameters.
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Fig. 11. Correlation of generator input parameters with the vertical line of minimum trace at different levels of height and aspect ratio distributions.

My (u;) considers the base value of the line of minimum trace pro-
vided by the mean aspect ratio according to Eq. (7), while 6M; , defines
the mean aspect ratio’s capacity to be influenced by the arrangement
rule. AM; considers the irregularity and arrangement rule of the pattern
independent of the aspect ratio. Values of AM] for different levels of
aspect ratio scatter and overlap parameters are reported in Fig. 10b. If
one considers the coefficient of variation of the aspect ratio lower than
10%, the line of minimum trace drops continuously, whereas between
10% and 25% moderate changes occur, and from 25% to 40% the line of
minimum trace increases back to the value corresponding to a regular
pattern. These results are also very sensitive to the overlap parameter
values. Higher overlap parameter values generally decrease the reduc-
tion in the line of minimum trace, so for V,; = 0.5 the maximum
reduction of the interlocking increment is only 40%, compared to more
than 100% reduction in the case of v,;; = 0.0. One can note that at low
aspect ratio scatter levels, the overlap parameter cannot significantly
influence the line of minimum trace, while starting from 10% aspect
ratio coefficient of variation, it has a quasi-constant, considerable effect.

Considering a relatively wide range of interest of CV; =5 — 30%,
the value of the interlocking increment Mj (Vimin) can be approximated

40

Importance of mason n2;(0.5) [%]

0.55 0.70 0.85
Mean block aspect ratio y, [-]

1.00

Fig. 12. Importance of mason’s skills as a function of block aspect ratio
distribution.



S. Szabo et al.

with the multiple linear regression model given in Eq. (12). The results
of Fig. 9a are presented in Fig. 11 to validate the equation; the mean
values and scatters are shown by the dotted lines and shaded regions,

respectively, while the solid line shows the equation.
M (g, CVp, Vi) = Mgy (1) -8.4-CVip (Unnin — Vi) 12)

Eq. (12) defines an approximation of the interlocking increment,

I e e B S e S P D S e = )
Wi R SR R B Rl SIEAEE B
I i

a) Block height b) Block aspect ratio

Fig. 13. Distribution of block
of 4.00 x 4.00 m*.

parameters in a generated wall panel
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disregarding the small negative effects of higher CV} values. The in-
crease rate of SM; (Vmin) is steeper at low values and becomes progres-
sively flatter at high values of vy;,. This underlines the fact that even
small considerations on the interlocking can change the line of minimum
trace significantly, while the differences between more skilled masons
are less prevalent. Furthermore, the value of the interlocking increment
is also influenced by the scatter of the aspect ratio (CV;) and its average
(). As CVj increases, the mason has a greater selection of unit shapes,
thus the arrangement rule becomes more and more significant.
Furthermore, Fig. 11 shows that the scatter of generated results stays
relatively constant at different levels of v,,;, higher values correspond-
ing to increasing CVj; and decreasing ;. A simple regression model can
be again defined, which provides a good approximation of the scatter:

CVy+1
Hp

oy ~ 0.019 (13)
This scatter provides the algorithm’s ability to generate masonry
patterns with a consistent line of minimum trace.
The interlocking increment (6M;"), compared to the random place-
ment of units given by m] represents the importance of the mason’s
skillfulness:

ZSM}) (.u/}) CV/?’ Vmin)
Mi, (.“/f)

If m{ = 0, the mason’s skillfulness has no importance because the

m}/ (ﬂﬁ: CVﬁ7 Vmin) = (14)

Coefficient of variation of block height C7,[-]

Fig. 14. Comparison of the input and generated distributions of block height at different distribution levels.
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quality of the masonry pattern is provided by the stone stock distribu-
tion, while in the case of m>0 the mason’s skillfulness is increasingly
influential and needs to be determined with additional surveying for the
assessment of the masonry pattern quality. In Fig. 12, the values of m) for
Vmin = 0.5 are presented for different aspect ratio distributions. It is
shown that depending on the stone stock distribution, an increase be-
tween 2% and 24% is achieved if a good masonry arrangement rule is
employed.

Finally, the fact that M} (Vmin) is not significantly influenced by the
block height distribution can be attributed to the fact that the line of
minimum trace is normalised to the wall height, so in case of a sufficient
number of courses are measured, it is not significantly dependent on the
block height distribution.

4. Sensitivity of input parameters
In order to understand the input parameter sensitivity of the pro-

posed masonry pattern generator, a parametric study is conducted in
this section.

4.1. Comparison with generated masonry structures

At first, the block parameters’ distribution is investigated. Fig. 13
shows that the block heights and aspect ratios are distributed randomly
across the wall. For a quantitative analysis, 9 block parameter

Engineering Structures 304 (2024) 117604

combinations are tested on a 4.00 x 4.00 m? panel by considering three
levels for both the mean and the coefficient of variation of the input
parameters, and 50 masonry patterns are generated for each set. The
generated distributions are subsequently compared with the input
distributions.

Fig. 14 shows the cumulative probability distribution (CDP) plots of
the block heights for various block height distributions, while the aspect
ratio distribution is kept constant (4, = 0.8,CVs = 15%). The red curves
represent the input distributions, and the grey areas indicate the range of
deviations observed between 50 generated samples, and the dark grey
dashed lines show the average of the generated results. The analysis
reveals an excellent agreement between the input and generated data,
with slight deviations observed for different input values. Specifically, at
high values of CVy = on/py, the generated results are more scattered,
and the distributions tend to shift to the left, which results in the gen-
eration of units with smaller heights. It is because the unit heights are
sampled for an entire course at once, while a course with a smaller
height will require more blocks to be filled compared to a taller course,
thus generating a shift of the CDP to the left.

Additionally, higher values of y;, result in fewer blocks being placed
in the pattern, thereby increasing the potential for higher deviations
between the generated distributions. Indeed, while the means correlate
very well with the input distribution, the scatter of results tends to in-
crease with y;,. Besides these small deviations, a good agreement be-
tween the input and the generated results is shown.

Coefficient of variation of block aspect ratio CV;[-]
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Fig. 15. Comparison of the input and generated distributions of block aspect ratio at different distribution levels.
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Fig. 16. Influence of mason parameters on the vertical line of minimum trace at different aspect ratio distribution levels.

Similar to what has been shown before, Fig. 15 shows the distribu-
tions of block aspect ratios for different values of input parameters,
keeping the block height distribution constant (4, = 200mm, CVj
15%). The generated distributions correspond well with the input dis-
tributions. However, at low values of the CVj, an overrepresentation of
slender blocks can be observed. This is because the last unit of each
course has to be cut to confine the geometry of the wall. While in the
case of large CVj, this does not result in blocks outside of the input
distribution range, if CVj is small, units sometimes have to be cut
smaller, thus generating aspect ratios higher than the input range.

Fig. 16 presents the effect of the mason parameters on the vertical
line of minimum trace (M), which is represented by the average and

+ one standard deviation value for various aspect ratio distributions.

The height distributions are not tested due to their small influence on the
line of minimum trace (see Section 3). One can note how if |[B| = 1, vy
does not affect the results, while when |B| increases, the line of minimum
trace converge to a higher value if vy, # 0. Such outcomes demonstrate
how if one wants to generate specific masonry arrangement quality
effectively, |B| should not be chosen too small. On the other hand,
greater values of |B| would result in lower computational performance of
the generator. For the above-mentioned motivations, |[B| =5—10 is
recommended (it is also a value that reasonably reflects the actual
memory of masons [41]), and thus 10 is adopted as follows in this paper.

11

4.2. Comparison with real masonry structures

Two real masonry patterns from historic Portuguese buildings have
been analysed to assess the correctness of the assumptions and equations
presented in Sections 2 and 3. A portion of the Alcacova wall of the
Guimaraes castle [31] and a portion of the old Guimaraes city wall are
presented in Fig. 17 and Fig. 18, respectively. By calculating the average
and standard deviation of the unit heights and aspect ratios, the theo-
retical distributions of block geometries and the line of minimum trace
can be predicted using Eq. (11) (red lines in Fig. 17 and Fig. 18). In both
cases, the unit heights fit very well with the theoretical distribution,
while the surveyed unit aspect ratio distributions seem slightly skewed
to the left and have smaller standard deviations. Apart from these subtle
differences, the surveyed masonry patterns are described well with the
equations defined in Section 3. Considering the interlocking of blocks,
the prediction of the line of minimum trace are also compared with the
surveyed values. The grey area signifies the 95% certainty area of Vmin.
According to the equation, the castle wall overlap parameter can range
between 0.1-0.27, while the city wall only 0.05-0.19. Such a result
might be considered as expected since masons with better skills would
have been employed in constructing the castle, resulting in a higher
quality of workmanship. In both cases, the surveyed line of minimum
trace fits well into the range of possible values from the equation.
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adopted from [31]
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Fig. 18. Pattern summary of the Guimaraes city wall.

5. Correlation with structural response

This section aims to correlate the QI-s presented in Section 3 with the
structural response of in-plane masonry walls made with irregular ma-
sonry patterns. The overlap parameter v, is also investigated to assess
the effect of the arrangement rule. The parametric analysis presented
below does not intend to cover all the possible correlations between
failure mechanism and their correlation with QI-s [42]. However, it
shows how generated masonry patterns have a consistent structural
behaviour when using the same input QI-s.

12
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The seismic response of the masonry structure has been simulated by
a system of mass proportional horizontal forces, which, albeit dis-
regarding dynamic effects, provide an acceptable estimation of the
seismic behaviour. In particular, a micro LA framework, originally
developed by [43], [44], and previously implemented and used by the
authors, [5], [45], [46] has been adopted. Briefly, the micro LA
formulation considers the masonry structure as an assemblage of rigid
blocks connected by frictional contact interfaces with a non-associative
flow rule (Fig. 19). The algorithm iterates by solving linear program-
ming problems (corresponding to the static limit analysis problem), and
modifying the yield conditions at the interfaces until it reaches the
non-associative solution. The following numerical studies use the JAVA
API of the MOSEK (version 10.0.45) interior point LP solver, which deals
with a homogeneous and self-dual optimisation algorithm. For further
details of the limit analysis methodology, the reader is referred to [5],
[45], [46]. Because the limit analysis algorithm considers a
rigid-perfectly plastic material model, only the strength capacity, in the
form of the load factor (1), is considered in the following. The influence
of the input parameter values is assessed by ANOVA diagrams, which
measure the average and standard deviation of the response measures
(taken from micro LA) for both individual and the two-way interaction
of the input parameters. In brief, the middle line shows the average
response, and its slope shows the effect of a parameter; the steeper the
slope, the higher is the effect on the response measure. The shaded re-
gion show the + one standard deviation value, which signifies how
much a parameter defines the response value, and a higher range sig-
nifies a larger scatter in response and a smaller significance to the
parameter. For an in-depth discussion of the method, the reader is
referred to [5], [36], [45].

The parametric study’s structural benchmark consists of 4.00 m high
masonry shear walls with different wall aspect ratios. Table 1 presents
the 5 variables adopted for the generation of samples. The full factorial
dataset involves a total of 144 configurations. The values for the unit
dimensions are those typically incurred in Italian stone masonry wall
patterns based on an extensive survey [47], as presented in Table 2. The
table defines the unit vertical area as the product of the masonry type’s
mean length and mean height. The configurations have been con-
strained at the bottom by a frictional interface and subjected to
mass-proportional horizontal forces. The specific weight of the blocks
has been set equal to 19kN/m?®, though since the horizontal load is mass
proportional, it does not affect the calculated load factor. The friction
coefficients are defined to cover a wide range of realistic values observed
in different stone masonry specimens [48].

In order to understand a representative number of random masonry
pattern samples to generate for each configuration, the number of sim-
ulations has been incremented until the average load factor of the
samples converged to a value, meaning that the sample statistics well
represent the whole population (Fig. 20a). Hence, 150 samples have
been generated for each configuration to reach a representative sample
size, resulting in 21,600 micro LA simulations according to the loading
and boundary conditions represented in Fig. 19a. Furthermore, it has
been observed that the load factor results of subsequent simulations,
with the same QI values, are normally distributed, characterised by
mean y, and standard deviation o, (Fig. 20b).

Three response measures have been assessed through the parametric
analysis. At first, the standard deviation of the samples o;, which is a
representative parameter to quantify the level of correlation between
the QI-s and the structural response, is analysed. High standard de-
viations signify that the QI-s are not adequate parameters to predict the
structural response since a significant scattered response is shown. The
coefficient of variation of all the generated load factors is 23.5%, while
for one QI setting it is, on average, only 8%, and a maximum 11%. This
proves the assumption that the QI-s have a non-negligible correlation
with the structural response.

Considering the individual effect of input parameters, presented in
Fig. 21, bigger units (higher A, and lower f,) result in increased scatter
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Fig. 19. Micro limit analysis algorithm, a) Structural configuration and geometric representation; b) Modification of yield function for the non-associative solution.

Table 1
Input values of the parametric analysis.

Block aspect ratio [-] {0.50,0.75,1.00}

Block area A, [em?] {520,1041}
Overlap parameter Vpin [-] {0.0 — 0.5}
Friction coefficient y [-] {0.50,0.90}
Wall aspect ratio Sy, [ {0.50,1.50}

in the structural behaviour because the capacity is more dependent on
the actual position of the bigger units, which might have a crucial effect
on driving the structural behaviour. As the units are more carefully
selected and placed in the wall panel (better arrangement rule), the
variation in structural behaviour is decreased. Additionally, a higher
friction coefficient is associated with increased standard deviations.
Finally, if the wall panel is more slender (smaller f3,,), the diagonal crack
in the rocking failure mechanism cannot fully develop because it reaches
the boundaries of the panel; thus, the effects of the masonry pattern’s
deviation are smaller compared to the stocky walls where a full diagonal

Table 2
Stone dimensions in typical Italian masonry walls, adopted from [47].

might trigger.

Next, the 5-percentile of the distribution (Amin = Q(0.05) = u, —
1.6450,) is assessed, which serves as a good approximation of minimal
structural response with a 95% confidence level that the capacity will
not fall under.

In terms of minimal structural response, the linear effects of Ay, 4 and
Pw seem marginal, while vy, having a more prominent positive effect.
This supports the assumption that a better arrangement rule results in a
higher structural capacity of the masonry wall (Fig. 22). By far g, has the
highest effect on A and its scatter. Higher f, corresponds with a
decrease of both structural capacity and scatter. Slight two-way in-
teractions can be observed between fy,Vmin,fy and p, where for low
values of $, the other parameters seem to have a more prevalent effect.
The results indicate that the behaviour of walls constituted by stocky
units is dominantly controlled only by the aspect ratio value, while as
the units tend to be more elongated, additional parameters, such as the
mechanical characteristics at the contact, become more important.

Finally, the Ay values have been compared with the load factors

Place of origin Masonry Unit dimensions [cm] Aspect ratio [-] Unit area [sz]
1
typology Length Height Width
Avellino Squared tuff masonry, multi-leaf 20-40 17-20 17-20 0.617 527.25
Barbarano Tuff ashlar masonry, triple leaf with rubble core 50-60 18-20 35-40 0.345 1072.50
Matera Squared limestone masonry, triple leaf with hollow core 45-60 25-27 20-25 0.495 998.75
Palermo Squared limestone masonry, double leaf 38-50 18-22 25 0.455 799.00
Squared limestone masonry, single leaf 25 18-22 50 0.800 774.00
Squared limestone masonry, triple leaf with rubble core 50 22 26 0.440 864.00
Viterbo Squared tuff masonry, double leaf 23-35 25-27 15-17 0.897 630.00
Catania Coursed stone masonry, double leaf 45-60 18-20 20-22 0.362 780.00
Coursed stone masonry, single leaf 40-60 20-22 18-22 0.420 800.00
0.33 0.3
— Sample distribution
i Normal distribution
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Fig. 20. Simulation results, a) Convergence of the average load factors, b) Distribution of load factors for one input configuration for parameter values {0.75,

520 cm?, 0.2, 0.5, 0.5}.
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Fig. 22. ANOVA plots of the individual and combined effects of the aspect ratio with the other input parameters.
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Fig. 23. Effect of deviations from the "rules of art", a) load factor reduction, b) capacity reduction as a function of the friction coefficient and aspect ratio.

obtained from running bond patterns with the same f, and A, values,
friction coefficient and structural configuration. The difference in A,
relative to the running bond is defined as the relative load factor
reduction, given by:

jqm’n - j~RUN

Al = (15)

j'R UN

where Agyn represents the load factor of the running bond patterns. This
parameter measures the decrement of strength capacity; thus, theoreti-
cally, it should be correlated with the QI-s’ extent of deviation from the
"rules of art" [7], defined AM] in Chapter 3.

14

Fig. 23a shows that the relative load factor reduction is linearly
correlated with the scaled reduction of vertical line of minimum trace
AM.

AL ~ AM}—AL(AM) = y-AM) + a 16)

To describe this correlation, a simple regression model can be

defined as:
Amin = (1 - 7‘AM7(CV/37 me))'/lkuN —a(By, 1)-Arun a7

where y =~ 0.20 — 0.23, and can be considered constant for different
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stone stock distributions and assembly rules. Contrarily, « is a function
of the block aspect ratio and the friction coefficient (Fig. 23b), while is
independent of CV} in the range of interest of 0.05 — 0.3. Generally, the
irregular masonry patterns exhibit a lower strength capacity (up to 30%
in the simulated cases) compared to the running bond reference pat-
terns. Furthermore, the fact that the trend lines in Fig. 23a are parallel
indicates that the strength capacity’s reduction due to the irregularity of
the masonry pattern is independent of the unit aspect ratio, but
dependent on the aspect ratio scatter and the overlap parameter, i.e. the
general irregularity of the pattern. The strength capacity reduction is
highest at low levels of v,;;; and medium aspect ratio scatter, where it
reduces the capacity up to 23% (Fig. 10). Considering the coefficient
(Fig. 23b), higher friction coefficient and mean aspect ratio can reduce
the capacity by up to 10% compared to the running bond. Conversely, in
cases of low friction coefficient and mean aspect ratio, a 10% increased
capacity can be observed. The findings also suggest when the mean

aspect ratio is low, the influence of the friction coefficient (,1‘;;? o /ﬂ’r‘nfno's)
in irregular masonry patterns is less significant compared to the running
bond pattern, where the higher friction can be fully utilised. However,
when the mean aspect ratio is high (stocky units), the friction attains
equal significance in both patterns, as it gains importance in the irreg-
ular masonry pattern due to the restricted interlocking of the narrower

units.
6. Conclusions

This paper presents a novel masonry pattern generator algorithm
able to generate randomly distributed coursed-rectangular block layouts
with consistent masonry quality. The main improvement on existing
algorithms is the definition of a variable arrangement rule that in-
fluences the quality of the masonry pattern. This arrangement rule
captures the skillfulness of a "virtual mason" and results in a more
consistent masonry quality and, thus, structural behaviour compared to
other generator algorithms in the literature. The following points sum-
marise the main findings of this study:

Masonry pattern generation tools must incorporate proper arrange-
ment rules to generate the wide range of pattern qualities present in
Historical Masonry Structures (HMS). This quality can be quantita-
tively characterised using Quality Indexes (QI-s).

The proposed generator algorithm divides the input parameters into
two groups: i) block parameters defining the available stone stock
and ii) mason parameters determining the assembly rule. The
generator ensures random block arrangements that maintain
consistent masonry quality and structural behaviour.

Three QI-s are selected, which correlate well with the generator
input parameters and structural behaviour: i) block area, ii) block
aspect ratio, iii) line of minimum trace. The first two are fully defined
by the block parameters, while the latter is influenced by both mason
and block parameters. The effect of mason’s parameters is most
pronounced for slender blocks and high block aspect ratio scatter,
while it diminishes for stocky blocks or close to regular patterns.
The line of minimum trace of coursed-rectangular irregular masonry
patterns is an efficient measure to quantitatively describe the blocks
interlocking. Its value in irregular patterns falls within a range
bounded by the running bond and the random placement of blocks.
Its relative position in this range depends only on the irregularity of
the pattern.

A significant correlation is observed between the QI-s and the seismic
behaviour of masonry shear walls. The strength capacity’s scatter
within specimens of the same QI-s increases with larger and stockier
blocks and better material properties, while a better arrangement
rule reduces the scatter.
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e The lower bound strength capacity is primarily influenced by the
block aspect ratio and the arrangement rule, with slender blocks and
a better arrangement rule yielding significantly higher results.
Compared to the regular running bond patterns ("state of the art"),
irregular masonry patterns exhibit reduced strength capacity, pro-
portional to the difference in the line of minimum trace between the
two patterns. This relationship is linear, influenced by the masonry
specimen’s aspect ratio and material parameters.

e The main limitation of the presented algorithm is that it cannot
consider un-coursed masonry patterns with irregularly shaped units
(rubble masonry). Furthermore, no considerations on the cross-
section pattern are given. Future research developments will gener-
alise the algorithm to include the aspects of typical irregular masonry
patterns mentioned above. Future work should focus on developing
masonry pattern generators capable of defining the cross-section or
3D pattern to model also the out-of-plane response of HMS, which is
often associated with the most devastating failures.

Funding

This work was partly financed by FCT/MCTES through national
funds (PIDDAC) under the R&D Unit ISISE under reference UIDB/
04029/2020, and under the Associate Laboratory Advanced Production
and Intelligent Systems ARISE under reference LA/P/0112/2020. This
study has been partly funded by the STAND4HERITAGE project that has
received funding from the European Research Council (ERC) under the
European Union’s Horizon 2020 research and innovation program
(Grant agreement No. 833123), as an Advanced Grant. This work is also
partly financed by MPP2030-FCT PhD Grants under the R&D Unit
Institute for Sustainability and Innovation in Structural Engineering
(ISISE), under reference PRT/BD/154348/2022.

CRediT authorship contribution statement

Simon Szabo: Conceptualization, Data curation, Formal analysis,
Funding acquisition, Investigation, Methodology, Software, Validation,
Visualization, Writing — original draft. Marco Francesco Funari:
Conceptualization, Data curation, Funding acquisition, Methodology,
Supervision, Writing — original draft, Writing — review & editing. Paulo
B. Lourenco: Funding acquisition, Project administration, Writing —
review & editing.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Data availability
Data will be made available on request.

References
[1] Davis L, Rippmann M, Pawlofsky T, Block P. Innovative funicular tile vaulting.

Struct Eng 2012;vol. 90(11):46-56.

Rippmann M, et al. The Armadillo Vault: computational design and digital

fabrication of a freeform stone shell. Adv Archit Geom 2016;2016:344-63. https://

doi.org/10.3218/3778-4_23.

Ramage H M, Ochsendorf J, Rich P, Bellamy K J, Block P. Design and construction

of the Mapungubwe National Park interpretive Center, South Africa. ATDF J 2021;

vol. 7(1/2):14-23.

M. Como, Springer Series in Solid and Structural Mechanics 5 Statics of Historic

Masonry Constructions Second Edition, vol. 5. 2016.

Szabo S, Funari MF, Pulatsu B, Lourenco PB. Lateral capacity of URM Walls: a

parametric study using macro and micro limit analysis predictions. Appl Sci 2022;

12(21):10834. https://doi.org/10.3390/APP122110834.

Vanin A, Foraboschi P. In-plane behavior of perforated brick masonry walls. Mater

Struct 2012;vol. 45:1019-34.

[2]

[3]

[4]

(5]

[6

—


http://refhub.elsevier.com/S0141-0296(24)00166-4/sbref1
http://refhub.elsevier.com/S0141-0296(24)00166-4/sbref1
https://doi.org/10.3218/3778-4_23
https://doi.org/10.3218/3778-4_23
http://refhub.elsevier.com/S0141-0296(24)00166-4/sbref3
http://refhub.elsevier.com/S0141-0296(24)00166-4/sbref3
http://refhub.elsevier.com/S0141-0296(24)00166-4/sbref3
https://doi.org/10.3390/APP122110834
http://refhub.elsevier.com/S0141-0296(24)00166-4/sbref5
http://refhub.elsevier.com/S0141-0296(24)00166-4/sbref5

S. Szabo et al.

[71

[8]

[91

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

Szabé S, Funari MF, Lourenco PB. Masonry patterns’ influence on the damage
assessment of URM walls: current and future trends. Dev Built Environ 2023;vol.
13:100119. https://doi.org/10.1016/J.DIBE.2023.100119.

D’Altri AM, Messali F, Rots J, Castellazzi G, de Miranda S. A damaging block-based
model for the analysis of the cyclic behaviour of full-scale masonry structures. Eng
Fract Mech 2019;vol. 209:423-48.

Funari MF, Silva LC, Savalle N, Lourenco PB. A concurrent micro/macro FE-model
optimized with a limit analysis tool for the assessment of dry-joint masonry
structures. Int. J. Multiscale Comput. Eng. 2022.;20(5). https://doi.org/10.1615/
IntJMultCompEng.2021040212.

Pulatsu B, Funari MF, Malomo D, Gonen S, Parisi F. Seismic assessment of URM
pier spandrel systems via efficient computational modeling strategies. Bull Earthq
Eng 2023:1-24.

Amer O, Aita D, Bompa DV, Torky A, Hussein YM, Ali AH. Behavior of unreinforced
multi-leaf stone masonry walls under axial compression: Experimental and
numerical investigation. Engineering structures 2023;293. https://doi.org/10.1016/
j-engstruct.2023.116621.

Zhang S, Beyer K. Numerical investigation of the role of masonry typology on shear
strength. Eng Struct 2019;vol. 192:86-102. https://doi.org/10.1016/j.
engstruct.2019.04.026.

Krzan M, Gosti¢ S, Cattari S, Bosiljkov V. Acquiring reference parameters of
masonry for the structural performance analysis of historical buildings. Bull Earthq
Eng 2015;vol. 13(1):203-36. https://doi.org/10.1007/510518-014-9686-x.

Dais D, Bal IE, Smyrou E, Sarhosis V. Automatic crack classification and
segmentation on masonry surfaces using convolutional neural networks and
transfer learning. Automation in Construction 2021;125. https://doi.org/10.1016/
j-autcon.2021.103606. 202.

Almeida C, Guedes JP, Aréde A, Costa A. Geometric indices to quantify textures
irregularity of stone masonry walls. Constr Build Mater 2016;vol. 111:199-208.
https://doi.org/10.1016/j.conbuildmat.2016.02.038.

Vadala F, Cusmano V, Funari MF, Calio I, Lourenco PB. On the use of a mesoscale
masonry pattern representation in discrete macro-element approach. J Build Eng
2022;vol. 50.

Mercuri M, Pathirage M, Gregori A, Cusatis G. Lattice discrete modeling of out-of-
plane behavior of irregular masonry. Compdyn Proc 2021;vol. 2021-June. https://
doi.org/10.7712/120121.8508.19419.

Angiolilli M, Pathirage M, Gregori A, Cusatis G. Lattice discrete particle model for
the simulation of irregular stone masonry. J Struct Eng 2021;vol. 147(9):
04021123. https://doi.org/10.1061/(asce)st.1943-541x.0003093.

Zhang S, Hofmann M, Beyer K. A 2D typology generator for historical masonry
elements. Constr Build Mater 2018;vol. 184:440-53. https://doi.org/10.1016/j.
conbuildmat.2018.06.085.

Miyata K. A method of generating stone wall patterns. Syst Comput Jpn 1993;vol.
24(2):86-95.

Pereira M, D’Altri AM, de Miranda S, Glisic B. Automatic multi-leaf nonperiodic
block-by-block pattern generation and computational analysis of historical
masonry structures. Eng Struct 2023;vol. 283:115945. https://doi.org/10.1016/J.
ENGSTRUCT.2023.115945.

Shaqfa M, Beyer K. A virtual microstructure generator for 3D stone masonry walls.
Eur J Mech - A/Solids 2022:104656. https://doi.org/10.1016/J.
EUROMECHSOL.2022.104656.

Funari MF, Pulatsu B, Szabé S, Lourenco PB. A solution for the frictional resistance
in macro-block limit analysis of non-periodic masonry. Structures 2022;vol. 43:
847-59. https://doi.org/10.1016/j.istruc.2022.06.072.

Valero E, Bosché F, Forster A, Wilson L, Leslie A. Evaluation of historic masonry. in
Heritage Building Information Modelling. Routledge; 2018. p. 75-101. https://doi.
org/10.4324/9781315628011-8.

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

Binda L, Saisi A. Application of NDTs to the diagnosis of Historic Structures,” in
NDTCE’09. Non-Destr Test Civ Eng 2009.

Borri A, Corradi M, Castori G, De Maria A. A method for the analysis and
classification of historic masonry. Bull Earthq Eng 2015;vol. 13(9):2647-65.
https://doi.org/10.1007/510518-015-9731-4.

16

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

Engineering Structures 304 (2024) 117604

da Silva LC, Milani G, Lourenco PB. Probabilistic-based discrete model for the
seismic fragility assessment of masonry structures. Structures 2023;52. https://doi.
org/10.1016/j.istruc.2023.04.015.

Vanin F, Zaganelli D, Penna A, Beyer K. Estimates for the stiffness, strength and
drift capacity of stone masonry walls based on 123 quasi-static cyclic tests reported
in the literature. Bull Earthq Eng 2017;vol. 15(12):5435-79. https://doi.org/
10.1007/s10518-017-0188-5.

R.E. (Robert E. Melchers and A.T. Beck, “Structural reliability analysis and
prediction”.

Milani G, Esquivel YW, Lourenco PB, Riveiro B, Oliveira DV. Characterization of
the response of quasi-periodic masonry: geometrical investigation, homogenization
and application to the Guimaraes castle, Portugal. Eng Struct 2013;vol. 56:621-41.
https://doi.org/10.1016/j.engstruct.2013.05.040.

Giuffré A. A Mechanical Model for Statics and Dynamics of Historical Masonry
Buildings. in Protection of the Architectural Heritage Against Earthquakes. Vienna:
Springer; 1996. p. 71-152.

de Felice G. Out-of-plane fragility of historic masonry walls. Conf Struct Anal Hist
Constr 2005.

De Felice G. Out-of-plane seismic capacity of masonry depending on wall section
morphology. Int J Archit Herit 2011;vol. 5(4-5):466-82. https://doi.org/10.1080/
15583058.2010.530339.

Funari MF, Pulatsu B, Szabé S, Lourenco PB. A solution for the frictional resistance
in macro-block limit analysis of non-periodic masonry. Structures 2022;43.
https://doi.org/10.1016/j.istruc.2022.06.072.

Rios AJ, Pingaro M, Reccia E, Trovalusci P. Statistical assessment of in-plane
masonry panels using limit analysis with sliding mechanism. J Eng Mech 2022;vol.
148(2). https://doi.org/10.1061/(asce)em.1943-7889.0002061.

Binda L., “State of the Art of Research on Historic Structures in Italy Historic
Masonry Structures View project masonry materials testing View project,” 2001.
F. Doglioni and G.M. Roberti, “Valutazione speditiva della vulnerabilita sismica di
murature in pietra: un caso di studio,” in XI Congresso Nazionale “L’ingegneria
Sismica in Italia”, Genova, 2004, pp. 25-29.

L.V. Rovero Alecci J. Mechelli U. Tonietti M. De Stefano, “Masonry walls with
irregular texture of L’Aquila (Italy) seismic area: validation of a method for the
evaluation of masonry quality,” Mater. Struct., vol. 49, doi: 10.1617/s11527-015-
0650-2.

Aminifar E, Akhoundi F, Lourengo PB. Verification of mechanical properties of
historical brick masonry walls with masonry quality index method in Iran. Int J
Archit Herit 2023;vol. 17(12):2001-11. https://doi.org/10.1080/
15583058.2022.2089072.

Alvarez GA, Franconeri SL. How many objects can you track?: evidence for a
resource-limited attentive tracking mechanism. 14-14 J Vis 2007;vol. 7(13).
https://doi.org/10.1167/7.13.14.

Foraboschi P. Masonry does not limit itself to only one structural material:
interlocked masonry versus cohesive masonry. J Build Eng 2019;vol. 26:100831.
https://doi.org/10.1016/J.JOBE.2019.100831.

Gilbert M, Casapulla C, Ahmed HM. Limit analysis of masonry block structures
with non-associative frictional joints using linear programming. Comput Struct
2006;vol. 84(13-14):873-87. https://doi.org/10.1016/j.compstruc.2006.02.005.
Portioli F, Cascini L, Casapulla C, D’Aniello M. Limit analysis of masonry walls by
rigid block modelling with cracking units and cohesive joints using linear
programming. Eng Struct 2013;vol. 57:232-47. https://doi.org/10.1016/j.
engstruct.2013.09.029.

Szabé S, Funari MF, Pulatsu B, Giouvanidis Al, Karimzadeh S, Lourenco PB. Macro
vs micro limit analysis models for the seismic assessment of in-plane masonry walls
made with quasi-periodic bond types. Procedia Struct Integr 2023;vol. 44:1340-7.
https://doi.org/10.1016/J.PROSTR.2023.01.172.

Wilson R, Szab6 S, Funari MF, Pulatsu B, Paulo B. A comparative computational
investigation on the in-plane behavior and capacity of dry-joint URM walls a
comparative computational investigation on the in-plane behavior and ABSTRACT.
Int J Archit Herit 2023;vol. 00(00):1-22. https://doi.org/10.1080/
15583058.2023.2209776.

Bernardi A. La vulnerabilita degli edifici: Valutazione a scala nazionale della
vulnerabilita sis-mica degli edifici ordinari. Rome: CNR-Gruppo Nazionale per la
Difesa dai Terremoti; 2000.

Lourenco PB, Gaetani A. Finite element analysis for building assessment. Finite
Elem Anal Build Assess 2022. https://doi.org/10.1201/9780429341564.


https://doi.org/10.1016/J.DIBE.2023.100119
http://refhub.elsevier.com/S0141-0296(24)00166-4/sbref7
http://refhub.elsevier.com/S0141-0296(24)00166-4/sbref7
http://refhub.elsevier.com/S0141-0296(24)00166-4/sbref7
https://doi.org/10.1615/IntJMultCompEng.2021040212
https://doi.org/10.1615/IntJMultCompEng.2021040212
http://refhub.elsevier.com/S0141-0296(24)00166-4/sbref9
http://refhub.elsevier.com/S0141-0296(24)00166-4/sbref9
http://refhub.elsevier.com/S0141-0296(24)00166-4/sbref9
https://doi.org/10.1016/j.engstruct.2023.116621
https://doi.org/10.1016/j.engstruct.2023.116621
https://doi.org/10.1016/j.engstruct.2019.04.026
https://doi.org/10.1016/j.engstruct.2019.04.026
https://doi.org/10.1007/s10518-014-9686-x
https://doi.org/10.1016/j.autcon.2021.103606
https://doi.org/10.1016/j.autcon.2021.103606
https://doi.org/10.1016/j.conbuildmat.2016.02.038
http://refhub.elsevier.com/S0141-0296(24)00166-4/sbref15
http://refhub.elsevier.com/S0141-0296(24)00166-4/sbref15
http://refhub.elsevier.com/S0141-0296(24)00166-4/sbref15
https://doi.org/10.7712/120121.8508.19419
https://doi.org/10.7712/120121.8508.19419
https://doi.org/10.1061/(asce)st.1943-541x.0003093
https://doi.org/10.1016/j.conbuildmat.2018.06.085
https://doi.org/10.1016/j.conbuildmat.2018.06.085
http://refhub.elsevier.com/S0141-0296(24)00166-4/sbref19
http://refhub.elsevier.com/S0141-0296(24)00166-4/sbref19
https://doi.org/10.1016/J.ENGSTRUCT.2023.115945
https://doi.org/10.1016/J.ENGSTRUCT.2023.115945
https://doi.org/10.1016/J.EUROMECHSOL.2022.104656
https://doi.org/10.1016/J.EUROMECHSOL.2022.104656
https://doi.org/10.1016/j.istruc.2022.06.072
https://doi.org/10.4324/9781315628011-8
https://doi.org/10.4324/9781315628011-8
https://doi.org/10.1016/j.conbuildmat.2021.124189
https://doi.org/10.1016/j.conbuildmat.2021.124189
http://refhub.elsevier.com/S0141-0296(24)00166-4/sbref25
http://refhub.elsevier.com/S0141-0296(24)00166-4/sbref25
https://doi.org/10.1007/s10518-015-9731-4
https://doi.org/10.1016/j.istruc.2023.04.015
https://doi.org/10.1016/j.istruc.2023.04.015
https://doi.org/10.1007/s10518-017-0188-5
https://doi.org/10.1007/s10518-017-0188-5
https://doi.org/10.1016/j.engstruct.2013.05.040
http://refhub.elsevier.com/S0141-0296(24)00166-4/sbref30
http://refhub.elsevier.com/S0141-0296(24)00166-4/sbref30
http://refhub.elsevier.com/S0141-0296(24)00166-4/sbref30
http://refhub.elsevier.com/S0141-0296(24)00166-4/sbref31
http://refhub.elsevier.com/S0141-0296(24)00166-4/sbref31
https://doi.org/10.1080/15583058.2010.530339
https://doi.org/10.1080/15583058.2010.530339
https://doi.org/10.1016/j.istruc.2022.06.072
https://doi.org/10.1061/(asce)em.1943-7889.0002061
https://doi.org/10.1080/15583058.2022.2089072
https://doi.org/10.1080/15583058.2022.2089072
https://doi.org/10.1167/7.13.14
https://doi.org/10.1016/J.JOBE.2019.100831
https://doi.org/10.1016/j.compstruc.2006.02.005
https://doi.org/10.1016/j.engstruct.2013.09.029
https://doi.org/10.1016/j.engstruct.2013.09.029
https://doi.org/10.1016/J.PROSTR.2023.01.172
https://doi.org/10.1080/15583058.2023.2209776
https://doi.org/10.1080/15583058.2023.2209776
http://refhub.elsevier.com/S0141-0296(24)00166-4/sbref42
http://refhub.elsevier.com/S0141-0296(24)00166-4/sbref42
http://refhub.elsevier.com/S0141-0296(24)00166-4/sbref42
https://doi.org/10.1201/9780429341564

	A mason-inspired pattern generator for historic masonry structures using quality indexes
	1 Introduction
	2 Masonry generator algorithm
	2.1 Block parameters
	2.2 Mason parameters
	2.3 Masonry pattern generator: algorithm description

	3 Correlation with geometric indexes
	3.1 Possible geometric indexes
	3.2 Vertical line of minimum trace

	4 Sensitivity of input parameters
	4.1 Comparison with generated masonry structures
	4.2 Comparison with real masonry structures

	5 Correlation with structural response
	6 Conclusions
	Funding
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Data availability
	References


