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CHAPTER 1 - INTRODUCTION 
 

1.1 Background and motivation 
 

 The building construction industry is currently facing significant challenges related to 

the environmental impact of buildings and its consequences on human health, resource 

depletion, and life expectancy. Construction activities account for a significant share of global 

greenhouse gas emissions, resource consumption, and waste generation. These issues have 

led to increasing pressure from society, regulatory bodies, and governments to develop 

sustainable building practices and to introduce environmentally friendly materials that can 

replace or complement those traditionally used. 

 Concrete, the most widely used construction material worldwide, exemplifies this 

issue, being responsible for approximately 4-у҈ ƻŦ Ǝƭƻōŀƭ /hі ŜƳƛǎǎƛƻƴǎΦ ¢ƘŜ ǇǊƻŘǳŎǘƛƻƴ ƻŦ 

clinker, the main component of cement, is particularly energy-intensive and carbon-intensive 

[1]. Consequently, reducing reliance on Portland cement and finding alternative, lower-carbon 

binders is considered a key strategy to meet international climate goals, including those set 

by the Paris Agreement and various national sustainability targets. 

 Within this broader context, the specific sector of masonry construction offers 

a promising opportunity for decarbonization efforts. Traditional masonry practices, which 

historically relied on natural binders such as air lime, offer advantages not only in terms of 

environmental impact but also in terms of material compatibility, durability, and cultural 

heritage preservation. The partial substitution of cement with air lime-based mortars and 

plasters in new masonry constructions, as well as in the renovation of heritage structures, 

could represent an effective strategy for reducing the carbon footprint of the construction 

sector. 

 Until the early 20th century, air lime mortars were the primary binding materials for 

masonry constructions across many regions of the world. They were valued for their 

workability, adaptability, and long-term performance. However, they were gradually replaced 

ōȅ tƻǊǘƭŀƴŘ ŎŜƳŜƴǘ ƳƻǊǘŀǊǎΣ Ƴŀƛƴƭȅ ŘǳŜ ǘƻ ǘƘŜ ƭŀǘǘŜǊΩǎ ŦŀǎǘŜǊ ƘŀǊŘŜƴƛƴƎ ǊŀǘŜ ŀƴŘ ƘƛƎƘŜǊ ƛƴƛǘƛŀƭ 

strength. Moreover, the incorporation of lime into cementitious binders was found to reduce 

the overall mechanical strength of the mix, as discussed in several studies [2-4]. 

 Despite these shifts, air lime mortars have continued to be recognized for several 

advantageous properties, particularly with regard to the durability of masonry structures. 

Their enhanced ability to withstand freeze-thaw cycles, improved workability, breathability, 

and resistance to water penetration make them an attractive option for sustainable 

construction [5-7]. Furthermore, unlike cement, lime-based materials participate in the 

ŎŀǊōƻƴŀǘƛƻƴ ǇǊƻŎŜǎǎΣ ǿƘŜǊŜƛƴ ǘƘŜȅ ǊŜŀōǎƻǊō ŀ ǇƻǊǘƛƻƴ ƻŦ ǘƘŜ /hі ŜƳƛǘǘŜŘ ŘǳǊƛƴƎ ǘƘŜƛǊ 

production. According to the analyses presented in [8-фϐΣ ŀǇǇǊƻȄƛƳŀǘŜƭȅ оо҈ ƻŦ ǘƘŜ /hі 

emissions generated during the calcination process are reabsorbed over time across several 

application sectors, which together constitute 82% of the European lime market. 

 In addition to their environmental and mechanical properties, lime-based mortars 

offer benefits in terms of the conservation of historic structures. Their physical and chemical 
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compatibility with historic masonry materials reduces the risk of damage and ensures better 

performance in restoration projects, contributing to the preservation of architectural 

heritage. 

 Given these considerations, there is a growing interest in revisiting and modernizing 

the use of lime-based mortars. Developing sustainable and functional air lime mortars that 

meet contemporary performance standards is crucial to achieving a balance between 

environmental sustainability, material durability, and structural safety. 

 This thesis is framed within this broader objective. Specifically, it investigates the 

mechanical behavior of large-scale masonry walls constructed with clay bricks and air lime-

based mortars with varying lime content, aiming to evaluate their structural viability and 

sustainability benefits. The research was carried out within the framework of the Horizon 2020 

project Sustainable Building Lime Applications via Circular Economy and Biomimetic 

Approaches - SUBLimeΣ ŀ aŀǊƛŜ {ƪƱƻŘƻǿǎƪŀ-Curie Action European Training Network (ETN-

ITN), which promotes cross-disciplinary research on innovative lime-based materials for 

construction applications. 

 In this context, the motivation of this thesis is also tied to the structural application of 

cement-ƭƛƳŜ ƳƻǊǘŀǊǎ ŦƻǊ ǘƘŜ ŎƻƴǎǘǊǳŎǘƛƻƴ ƻŦ ŦŀœŀŘŜ ǿŀƭƭǎΣ ǇŀǊǘƛŎǳƭŀǊƭȅ ǘƘŜ ŜȄǘŜǊƴŀƭ ƭŜŀǾŜǎ ƻŦ 

ƳŀǎƻƴǊȅ ŎŀǾƛǘȅ ǿŀƭƭǎ όCƛƎΦ мŀύ ŀƴŘ ƳŀǎƻƴǊȅ ŦŀœŀŘŜ ǎȅǎǘŜƳǎ όCƛƎΦ мōύ ƛƴ ōǳƛƭŘƛƴƎǎ ŜȄǇƻǎŜŘ ǘƻ 

irregular vertical displacements (e.g., due to ground subsidence or mining-induced 

deformations) and/or horizontal shear forces generated by seismic or para-seismic actions. 

The specific research question addressed is how an increased air lime content in the mortar 

affects, on the one hand, the overall deformability of clay brick masonry, and on the other 

hand, its shear resistance under both vertical and horizontal loading conditions. 

 

 
Figure 1: Schematic example of masonry cavity wall (a) and ƳŀǎƻƴǊȅ ŦŀœŀŘŜ (b). 

 

 1.2 Aim of the Thesis 
 

 Understanding the global response of masonry walls under in-plane loading conditions 

requires a thorough knowledge of the mechanical properties of the constituent materials. 
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Therefore, the research also includes a comprehensive experimental characterization at 

different scales: material level (bricks and mortars), interface level (brick-mortar interaction), 

and assemblage level (triplets and wallettes). This multiscale approach ensures that the 

numerical models developed are firmly based on experimental evidence and that the 

conclusions drawn are robust. The three following research theses have been formulated and 

are addressed throughout the study: 

 

¶ Mortar mixtures containing higher contents of air lime as a partial substitute for 

cement binders, despite lower mechanical strength, can still provide adequate 

structural performance of masonry walls, especially in the faœade layers of cavity or 

diaphragm walls, while offering environmental benefits. 

 

¶ Changes in the air lime content in the mortar composition significantly, yet positively 

due to their crack resistance, affect the global behavior of masonry walls, in particular 

in terms of stiffness, strength, deformability and failure mechanisms. 

 

¶ Simplified numerical models and existing ǎǘŀƴŘŀǊŘΩǎ and analytical recommendations 

can describe the mechanical response of masonry elements constructed with air lime 

mortars, although they may require calibration or adjustment to ensure an adequate 

level of safety and reliability. 

 By investigating these theses, this research aims to contribute to the development of 

more sustainable and structurally efficient masonry systems suitable for modern construction 

and renovation scenarios. 

 

1.3 Organization of the thesis 
 

The thesis is organized as follows: 

 

¶ Chapter 1 introduces the research topic, outlines its scientific and practical relevance, 

and defines the main hypothesis guiding the study. 

 

¶ Chapter 2 presents a critical review of the literature related to the main topics of the 

research. It covers the physical, chemical, and morphological properties of masonry 

materials, including comparisons between modern and historic clay bricks and 

mortars. It also discusses the mechanical behavior of masonry under complex loading 

conditions and reviews the numerical modeling strategies, particularly finite element 

methods, used for simulating masonry structures.  

 

¶ Chapter 3 describes the materials selected for the research and the experimental 

program designed to investigate their mechanical behavior. The chapter details the 

test setups, methodologies, and results obtained from both small-scale and large-scale 

testing, with a particular focus on the elaboration of global mechanical parameters for 

masonry walls.  
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¶ Chapter 4 focuses on the numerical modeling of the tested walls using finite element 

macro-modeling approaches. The models are calibrated based on the experimental 

results from small-scale tests and are employed to simulate the behavior of walls 

under both vertical and lateral loading conditions.  

 

¶ Chapter 5 presents a comparative evaluation of the experimental results against 

existing analytical and semi-analytical models, including those provided by Eurocodes. 

The reliability and predictive accuracy of these models are critically assessed. 

 

¶ Chapter 6 summarizes the key findings of the research, discusses the main conclusions, 

and reflects on the implications for sustainable masonry construction. 

 

¶ Chapter 7 outlines possible future research directions aimed at addressing the 

limitations identified in this study and further advancing the understanding and 

application of air lime-based masonry. 

 

 Additionally, the Appendix presents data reports, including statistical analyses related 

to the experimental tests described in the previous subsections. Its purpose is to provide 

a broader and more comprehensive view of all the results obtained throughout the 

experimental campaign. 
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CHAPTER 2 - LITERATURE-CRITICAL REVIEW 
 

2.1 General remarks 
 

 Masonry structures are the oldest and most prevalent architectural forms. Their 

enduring strength, cost-effectiveness in material usage, fire resistance, and aesthetic appeal 

are just a few of the benefits that continue to push their use to this day. These buildings often 

serve as not only the heritage of each nation but also as common residential structures, each 

with their unique characteristics. As highlighted by Roca et al. [10], masonry building 

complexities arise from variations in geometry, composition, and arrangement of units, as well 

as the presence or absence of mortar, which contribute to the definition of masonry material 

more properly as a composite material (Fig. 2a-d). In fact, it is its heterogeneous nature that 

makes impossible to comprehensively characterize masonry without a deep analysis of the 

constituent elements. Consequently, the transition from individual element properties to the 

assemblage behavior is generally obtained by means of various no-trivial numerical 

techniques [11], involving different material scales. In this context, Kubica [12] emphasizes 

how the evolution of masonry construction systems continues to influence current design 

strategies and future directions within a framework 15 years, particularly in the pursuit of 

sustainable and low-emission building practices. His review of masonry techniques from 

antiquity to modern times highlights the importance of understanding traditional systems to 

guide future innovations in masonry research and design. 

 

 
Figure 2: Examples of masonry from different historical periods: Pont du Gard (50) (a), Church of Christ the 

Worker and Our Lady of Lourdes (1958) (b), Amiens Cathedral (c. 1300) (c) ŀƴŘ ŀ ƳƻŘŜǊƴ ƳŀǎƻƴǊȅ ŦŀœŀŘŜ (d). 

 

 Subsequently, in the context of the assessment of existing structures, the requirement 

to assess materials on a case-by-case basis in order to determine appropriate mechanical 

properties has prompted the formulation of different national annexes to Eurocode 6 [13], 

and more recently, the establishment of databases [14], for helping designers and reducing 

the testing costs. These recommendations assume even more importance in relation to 

masonry historical structures where sampling material is limited and complementary 

mineralogical, petrographic, and physical investigations are preferable for understating 
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production processes, imperfections, and actual state of the masonry, in view of finding the 

most compatible unit and mortar with the original material [15-16]. 

 In this part, the mechanical behavior of masonry elements from micro (masonry units 

and mortar layers) to macro scale (masonry panels) are reviewed. Concerning the former 

aspect, beyond mechanical characterization, an analysis of physical, chemical, and 

mineralogical properties is also conducted. The latter examinations consider different 

methodologies reviewed by means of two case studies, involving different clay brick samples 

and mortars from distinct historical periods. A useful comparison between materials is carried 

out for showing the differences in time evolution of masonry constituents, particularly for 

designers working in central Europe. Related to the latter aspect, existing numerical models 

and standard relationships for the structural analysis and assessment of masonry structures 

are also reviewed and classified based on their principal scale modelling function. 

 

2.2 Material Characterization 
 

2.2.1 Masonry units 

 

 Clay bricks are one of the first form of building materials together with stone, adobe 

and wood with first traces even dating back to 8000 B.C. in Mesopotamia. Their growing use 

during the centuries, across several civilizations, is mainly connected with the intuitive 

masonry building practice, that was already started to be critically studied and improved by 

Romans with Marco Pollio Vitruvius [17]. For building clay masonry units, raw materials are 

principally constituted by clay minerals, including fine grains with dimensions inferior to 

0.1 mm. From a chemical point of view, clay minerals belong to the phyllosilicate group with 

complex tetrahedral and octahedral crystalline units connected between them in order to 

obtain plane layers (Fig. 3a-b). Generally, within the tetrahedral unit, silicon occupies the 

central position and forms connections with four oxygen ions located at its vertices. On the 

other hand, the octahedral unit, containing either an aluminum or magnesium ion along with 

six oxygen or hydroxyl ions, gives rise to lattice structures comprising two planes of oxygen 

ions, one of which accommodates aluminum ions [18]. By arranging several of these units in 

various three-dimensional configurations, different types of clay minerals are formed, with 

the most prevalent ones being kaolinite, montmorillonite, illite, talc and pyrophyllite. 

 

 
Figure 3: Representation of silicate structures: silicon tetrahedral unit (a) and octahedral unit (b). Adapted from 

[18]. 
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Naturally, given the heterogeneity of the soils, it is possible that other components 

beyond clay minerals are present in the raw materials, having a positive or negative impact on 

the final physical and mechanical performance of the brick. Within this context, the presence 

of limestone during the firing process brings the drawback of converting into calcium oxide. 

When exposed to water, this conversion leads to an expansion in volume, creating an 

accumulation of stresses and cracks, deteriorating the durability of the units [19]. 

Concerning the production procedure of clay units, despite its complete automation 

process, it remains possible to identify four main phases: selection and preparation of the clay 

materials, water mixing and molding, air drying and finally hardening of the bricks by means 

of firing processes [20]. During the initial stage of the procedure, multiple layers of diverse 

clay types are collected and stored in deposits for several weeks. Throughout this duration, 

the material undergoes a homogenization procedure with the aim of diminishing the size of 

larger particles. At this point, the clays are mixed with water and molded. This stage was 

subjected to the evolution with time from the more ancient hand-molding and wire cut 

molding to the more recent machine molding for large scale production. Following the 

molding process, bricks retain a certain level of moisture. Consequently, it is necessary to 

facilitate drying to prevent potential cracking during the subsequent firing phase. Typically, 

the drying period for clay bricks spans a week or longer, depending on the prevailing climatic 

conditions of the site. Ultimately, the concluding phase involves the hardening of the bricks. 

These bricks are generally placed inside clamps or kilns at temperatures reaching around 

млллϲ/Φ ¢ƘŜ ŦƛǊƛƴƎ ǇǊƻŎŜǎǎ ǎƛƎƴƛŦƛŎŀƴǘƭȅ ƳƻŘƛŦȅ ǘƘŜ ǇǊƻǇŜǊǘƛŜǎ ƻŦ Ŧƛƴŀƭ ōǊƛŎƪ ŀƴŘ ŜŀǊƭȅ ƪƛƭƴǎ 

generally have the disadvantage of irregularity firing of the units, generating differences in 

their performances. 

The performance of clay bricks, which plays a vital role in enhancing building resilience 

against gravitational and seismic actions, is substantially affected by the raw materials and the 

firing procedures employed. Among the most relevant properties influenced, it is possible to 

consider: chemical and mineralogical properties, physical properties (i.e. porosity, water 

absorption, initial suction rates) and compressive strength [21]. Based on the analysis 

reviewed in Ghiassi et al. [19], the most common chemical elements that is possible to find in 

clay bricks are Silicon Oxide (SiO2) in 30-70 % of content and Aluminum Oxide (Al2O3) in 10-

25% of content. Also, the presence of Iron Oxides (Fe2O3) or Ferrous Oxide (Fe3O4) can be 

present in different quantities, mainly being responsible for the reddish color of the material. 

Almesfer et al. [22], in their characterization of existing masonry building from New Zealand, 

analyzing different brick colors, showed no clear trend between the compressive strength and 

the color of existing clay bricks. The mineralogical composition also is modified by the 

differences in the firing temperature together with impurities of raw materials, generating 

subsequent modification of the porosity and compressive strength. Cultrone et al. [23] 

showed how generally low firing temperature increase the level of porosity. Furthermore, 

ŎŀǊōƻƴŀǘŜ ǊƛŎƘ Ŏƭŀȅǎ ǎǳōƧŜŎǘŜŘ ǘƻ ŦƛǊƛƴƎ ǘŜƳǇŜǊŀǘǳǊŜ ƛƴŦŜǊƛƻǊ ǘƻ млллϲ/ ǇǊŜǎŜƴǘ ƘƛƎƘŜǊ ǇƻǊŜ 

connectivity and an elevated quantity of ǎƳŀƭƭ ǇƻǊŜǎ όғм ˃ƳύΣ ŀŦŦŜŎǘƛƴƎ ƴŜƎŀǘƛǾŜƭȅ ǘƘŜ 

performance. On the contrary, clays without carbonates subjected to firing temperature 

ranging from 1000-ммллϲ/Σ ǇǊŜǎŜƴǘ ǘƘŜ ōŜǎǘ ǇƘȅǎƛŎŀƭ ǇǊƻǇŜǊǘƛŜǎΦ ¢ƘŜ ǎŀƳŜ ŦŀŎǘƻǊǎ ƛƴŦƭǳŜƴŎŜ 

the compressive strength of the bricks. Typically, raising the firing temperature is linked with 
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a more pronounced level of vitrification, especially evident in clays low in carbonate content. 

This results in an overall improvement in compressive strength, as showed in Elert et al. [24]. 

CǳǊǘƘŜǊƳƻǊŜΣ ƘƛƎƘ ŦƛǊƛƴƎ ǘŜƳǇŜǊŀǘǳǊŜǎ όҗ фллϲ/ύ Ŏŀƴ ōŜ ŘŜǘŜŎǘŜŘ ŦǊƻƳ ǘƘŜ ǇǊŜǎŜƴŎŜ ƻŦ ƳǳƭƭƛǘŜ 

in the mineralogical composition, according to Cultrone et al. [25], being therefore connected 

with the degree of vitrification and densification. These considerations led Dizhur et al. [26] 

classifying different vintage clay bricks based on the presence of mullite and cristobalite, 

indicating a high average compressive strength for the ones containing these elements. 

The knowledge of the compressive strength of the bricks appears significant for the 

structural safety, allowing to estimate the value of the compressive strength of masonry [27]. 

In the case of old masonry, direct tests, as the ones performed on full modern units, are 

typically conducted on non-standardized specimens [28]. The feasibility of this approach 

remains an open issue due to multiple variables influencing test results. These factors 

encompass the confinement effects exerted by the platens, the slenderness of the specimens 

and the anisotropic nature of the response arising from the manufacturing process. Moreover, 

the compressive strength of clay bricks currently in use displays a broad spectrum of values 

with coefficients of variation ranging from 10% to 55% [29]. Particularly, when reducing the 

dimensions of samples under compression testing, the ability of compressive strength to 

effectively reflect a uniaxial value is compromised. Consequently, the standard EN 772-1 [30], 

which establishes guidelines for determining the compressive strength of masonry units, 

addresses this concern by incorporating the value of normalized compressive strength, 

through the application of shape factors, functions of the sample dimensions. In order to 

overcome the non-standard dimensions of the unit samples, in usual practice, different 

treatments for the top-bottom sample surfaces are used, including cement mortars, metallic 

elements, gypsum and plywood sheets. In this context, the representatives of the non-

standard cubic sample 40 x 40 x 40 mm have been recently faced from an experimental 

ǎǘŀǘƛǎǘƛŎŀƭ Ǉƻƛƴǘ ƻŦ ǾƛŜǿ ōȅ /ŀōŀƴŞ Ŝǘ ŀƭΦ ώ31]. In their study, based on testing more than 400 

samples, recommended a conservative ratio of 1.45 for the compressive strength of standard 

samples 100 x 100 x 40 mm to the compressive strength of the non-standard specimens 

aforementioned. The same Authors in their subsequent work [32] studied the compressive 

strength relations between different brick shapes recommended by different international 

standards [33-35] and surfaces treatments. In particular, they recommend the use of 

polytetrafluoroethylene leaves, being able to reduce the level of frictions between the 

platens, showing similar compressive strength results regardless the shape. Additionally, the 

American and Canadian standards offer procedures resulting in the most elevated 

compressive strength values, whereas the Australian code present the least elevated values. 

 

2.2.2 Masonry mortars 

 

In a general sense, the term "mortar" refers to a range of composite materials primarily 

employed as binding agents. These materials are typically formed by mixing cementitious or 

adhesive components (such as lime or cement) with finely graded aggregate, along with water. 

Based on Eurocode 6 [13], referring to EN 998-2 [36] concerning mortars for masonry, it is 

possible to identify two types of mortars: 
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1. designed masonry mortar - mortar whose composition and manufacturing 

method is chosen in order to achieve specified properties (performance concept); 

2. prescribed masonry mortar - mortar made in predetermined proportions, the 

properties of which are assumed from the stated proportions of the constituents (recipe 

concept). 

Additional requirements are also defined based on this first distinction, defining: 

1. General purpose mortar - without any specific requirements; 

2. Thin layer masonry mortar - designed masonry mortar with a maximum 

aggregate size less than or equal than 2 mm; 

3. Lightweight masonry mortar - designed masonry mortar with a dry hardened 

density equal or less than 1300 kg/m3. 

In addition to the compressive strength of bricks, the compressive strength of mortars 

holds significant importance. Notably, achieving the same compressive strength can be 

accomplished by blending diverse mortar constituents. In this regard, National Annexes to 

Eurocode 6 [13] propose different correlations between the minimum strength (Strength 

Class) at 28 days, given by the number following the letter M, and the volume proportions of 

constituents, based on the territorial traditions of each European Member State (Fig. 4a-b). In 

this case, the distinction based on the constituents is also fundamental. 
 

Figure 4: Examples of correlation between constituent proportions and minimum of compressive strength from 
different: polish PN-EN 1996-1 [37] (a) and Italian NTC-2018 [38] (b). 

 

Generally, cement is produced by subjecting a blend of limestone, clay and sand, to 

ƘƛƎƘ ǘŜƳǇŜǊŀǘǳǊŜǎΣ ǘȅǇƛŎŀƭƭȅ ǊŜŀŎƘƛƴƎ ŀǊƻǳƴŘ мпрлϲ/Φ 5ǳǊƛƴƎ ǘƘŜ ǇǊƻŎŜǎǎΣ ǘƘŜ ŎƭƛƴƪŜǊΣ ƻōǘŀƛƴŜŘ 

with the calcination, shows the fusion, leading to the formation of nodules and particles with 

dimensions ranging from 1 mm to 25 mm. These clinker nodules are then combined with 

a small percentage of calcium sulfate and finely crushed to create cement. The presence of 

calcium sulfate regulates the setting rate and also impacts the rate of hardening. This calcium 

sulfate is often referred to as gypsum, although it can be partially or completely substituted 

with alternate forms of calcium sulfate [39]. From a chemical point of view, the most common 

Portland Cement shows different constituents. Alite (Ca3SiO5) stands as the predominant 

component in typical Portland cement clinkers, comprising 50-70% of their composition. This 

compound is the main responsible for the gain in strength in 28 days. Belite (Ca2SiO4) is 

another constituent with 15-30%. It reacts slowly with the water and on the contrary of the 

first compound is the responsible for strength development after long time. Ferrite (Ca2AlFeO) 
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and Alluminate (Ca3Al2O6) are the remaining elements present in the minimum of 5%. Cement 

is normalized at European level according to the code EN 197-1 [40], defining five classes of 

cements, consisting in twenty-seven different products with different constituent materials. 

Together with chemical requirements, a distinction based on the strength gain is also given in 

the codes, defining six strength classes, two (ordinary and high early strength) for each 

minimum values of compressive strength at 28 days: 32.5 MPa, 42.5 MPa and 52.5 MPa. 

Lime can be classified into hydraulic lime and air lime and also lime putty, which is 

mainly used for making fine plasters, e.g. during renovation in historic buildings. The principal 

difference is relative to the presence of silicate and aluminates in hydraulic lime that when 

combined with water, give birth to a hydraulic reaction, allowing for faster solidification than 

in the case of air lime. The use of air lime mortars is mainly associated with historical building 

conservation, being one of the most compatible products, even though its use faced 

challenges encompassing a scarcity of both scientific and technical understanding [41]. Air 

lime is derived by the processing of limestone rocks, mainly composed of calcium carbonate 

(CaCO3). The calcination of the lƛƳŜǎǘƻƴŜ ǿƛǘƘ ǘŜƳǇŜǊŀǘǳǊŜǎ ǎǳǇŜǊƛƻǊ ǘƻ фллϲ/Σ ǿƛǘƘ 

consumption of CO2, creates calcium oxide (CaO), known as Quicklime [42-43]. Calcium oxide 

is promptly allowed to react with water, undergoing a transformation into calcium hydroxide 

(Ca(OH)2), known also as hydrated or slaked lime [44]. Precisely, the slaking process can be 

done with precise stochiometric quantity of water obtaining dry powder or with abundant 

water, resulting in a lime putty. The term air lime, used in industrial practices, refers to 

hydrated lime and its property to react with carbon dioxide of the air, in order to form calcium 

carbonate, in a closed loop (Fig. 5). This process, known as carbonation, is the responsible for 

the hardening of the lime mortars in a more elevated time of the process involving the 

hardening of cement. 

Specifically, Van Balen [45] noted how the speed of this processes in ambient 

conditions does not depend on the CO2 concentration but it is more related to the physical 

properties of the limes, especially the specific surface and pore distribution. Recent research 

on blended cement-air lime mortars incorporating an air-entraining agent [46] indicated 

enhanced mortar strength without compromising porosity. It is hypothesized that the air-

entraining agent facilitates the integration of CO2 into the structure of the material, improving 

its performance. From a code perspective, EN 459-1 [47] establishes different types of limes 

based on their composition, proposing the differentiation in calcium and dolomitic limes. In 

the context of the utilization of mortars for masonry historical conservation purposes without 

a specific structural function, the majority of application focuses on: pure air lime [48], mixed 

hydraulic-air lime mortars [49] and mixed cement-hydraulic lime mortars [50]. In this scenario, 

when aiming for a minimum strength requirement, selecting an appropriate binder-to-

aggregate ratio and the type of aggregate becomes crucial as it is responsible for influencing 

the alteration of mechanical strength even among the same material constituents [51-52]. 

Regarding the mechanical properties, the values of compressive strength of hardened 

mortars results of complementary importance to the strength of bricks, for masonry structural 

safety. The European standard 1015-11 [53] is applied for the characterization of the materials 

in this case. First a three-point bending test is carried out on a minimum of three samples with 

standard dimensions of 40 x 40 x 160 mm, then the resulting six half prisms are tested in 

compression. Differences in the curing conditions have to be taken into account based on the 
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quantity of lime and cement in the mortar, involving the use of climatic chamber with 20 ҕ 2 ϲ/ 

ŀƴŘ ǊŜƭŀǘƛǾŜ ƘǳƳƛŘƛǘȅ ǾŀƭǳŜ срҕр҈Σ ŦƻǊ ǘƘŜ ƭŀǎǘ нм ŘŀȅǎΦ 

 

 
Figure 5: Closed loop of air lime. 

 

While the characterization of new mortars is straight-forward, evaluating the 

mechanical properties of existing mortar joints can be challenging. This complexity stems from 

factors such as size, shape, and limitations associated with collecting lime-based samples from 

historical structures. Executing standard engineering tests in such contexts is demanding, 

which often leads to a greater reliance on chemical, mineralogical and physical analyses within 

this field [54]. From a mechanical point of view, Almesfer et al. [22] tested non-standard cubic 

samples according to ASTM C 109 [55]. Working under the assumption of failure within cubic 

samples, restricted by the platens due to the achievement of a maximum principal 

compressive strength, the researchers conducted numerous experimental tests reproduced 

by finite element modeling. This process ultimately led to the development of two shape 

factors tailored for non-ǎǘŀƴŘŀǊŘ ŘƛƳŜƴǎƛƻƴǎΦ aŀƎŀƭƘńŜǎ ŀƴŘ ±ŜƛƎŀ ώр6] conformed the shape 

of mortar samples to match that of standard specimens, aligning with the guidelines in 

EN 1015-11 [53], using a cement mortar for confinement. Double punch compressive strength 

is also usually performed on mortar joints extracted and cut from into plates, where the 

application of the vertical load is carried out by means of a cylindrical steel punch with 

diameters ranging from 20 to 30 mm. In this case, it is possible to direct assess the mortar 

joints, offering insights into compressive strength and serving as a valuable tool for enhancing 

in-situ investigations [57-58]. 

 

2.2.3 Comparative Analysis of Historical and Modern Masonry Materials  

 

For the examination of the fundamental properties of mortars and clay bricks as 

previously discussed, a specific case study has been chosen. This selection aims to introduce 

the methodologies employed to analyze these materials on a small scale. Moreover, it adds 

to the historical assessment of materials and report a comparison between the properties of 

historical materials and those utilized in contemporary practices, in the same area. Complete 

investigations on the materials subsequently analyzed is given in the contribution De Vico 

Santoro et al. [59] and Zagaroli et al. [60]. 
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In order to investigate the fundamental differences between historical and modern 

masonry materials, a comparative analysis was carried out using bricks and mortars 

originating from different centuries. The samples were retrieved from the remains of the 

Schloss Neudeck complex, a historical structure originally built in the 14th century and later 

expanded in the 18th-19th centuries. However, the focus of this section is not on the specific 

architectural context of the building, but rather on the comparative study of the materials 

themselves. 

The selected dataset includes clay bricks (CB) and air lime-based (MR) mortars from 

two historical periods (14th series 1 and 18th-19th centuries series 2), as well as contemporary 

counterparts commercially available on the Polish market (series 3) (Fig. 6). All samples were 

subjected to detailed laboratory analysis, including microstructural characterization (via SEM-

EDS and MIP), evaluation of physical properties, and compressive strength testing. 

The comparison highlights key differences in porosity, binder composition, aggregate 

morphology, and mechanical behavior, offering insights into the performance evolution of 

masonry materials over time. This type of analysis is essential for assessing material 

compatibility in conservation projects and for developing more sustainable lime-based 

alternatives in modern construction. The results are presented in the following figures and 

tables. 

 X-ray powder diffraction (XRD) is an extensively non-destructive method for assessing 

the mineralogical composition of substances. It relies on detecting the constructive 

interference (diffraction) patterns of X-rays when they interact with various solid materials. 

Consequently, the intensities of recorded diffraction peaks offer insight into the compound 

type, atomic number, and atomic arrangement within the crystal's smallest repeating 

component (unit cell). Additionally, the position of these diffraction peaks furnishes details 

about the dimensions and configuration of the unit cell [61]. Several examples are available in 

literature concerning the chemical study of different masonry building materials from 

different ages [62-63]. Anyway, other techniques (i.e. Fourier Transform Infrared 

Spectroscopy) are usually employed as supportive to the mineralogical characterization, for 

double-checking the results obtained by the previous one [64]. 

 

 
Figure 6: Historical brick ready to be tested (a) and mortar fragment ready to be tested according double punch 

compressive procedure (b). 

 

 Results of the investigations on bricks and mortars carried out on polish materials are 

given in Fig. 7a-b and Fig. 8a-b, respectively. For the bricks, in the CB1 case, it is possible to 
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notice the presence of mullite in 13%, with the highest content among all the brick specimens, 

but no feldspars. CB2 and CB3 see the reduction of mullite but an always increasing content 

of feldspars. In terms of the mortars, MR1 displays the highest amount of calcium silicate, 

reaching up to 2 wt%, which is the most abundant among all the examined mortar samples. 

In contrast, the composition of the MR2 sample is the most straightforward, with quartz 

constituting 86% and calcite 14%. The MR3 sample comprises feldspars (anorthite and 

microcline) with concentrations of 9 wt% and 11 wt%, respectively. 

 

 
Figure 7: XRD patterns of three bricks (a) and phase content of the bricks determined from semi-quantitative 

phase analysis using the RIR method (b) [60]. 

 
 

 
Figure 8: XRD patterns of three mortars (a) and phase content of the mortars determined from semi-

quantitative phase analysis using the RIR method (b) [59]. 

 

 The Scanning Electron Microscope (SEM) is utilized as an imaging technique to explore 

fundamental material attributes, encompassing elements like surface features, grain 

proportions, and chemical composition. In the SEM configuration, an electron beam is 

precisely concentrated into a designated point that traverses the surface of the sample. At 

each location, the specimen emits signals, which are captured by detectors. When an electron 

beam strikes a sample, the primary signals emitted are named scattered primary electrons. 
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!ƳƻƴƎ ǘƘŜǎŜΣ ōŀŎƪǎŎŀǘǘŜǊŜŘ ŜƭŜŎǘǊƻƴǎ ǊŜŦŜǊ ǘƻ ǘƘƻǎŜ ǎŎŀǘǘŜǊŜŘ ŀǘ флϲ ŀƴŘ мулϲ ŀƴƎƭŜǎΣ 

emerging from the specimen's surface. Another outcome is the formation of secondary 

electrons due to interactions that cause a reduction in the energy of the incoming primary 

electrons. These detector signals are harmonized with the known beam position on the 

specimen, influencing the corresponding image pixel according to signal intensity. 

 As these signals are progressively accumulated, they are integrated to generate an 

image with pixel distribution dependent on the selected scanning pattern [65]. SEM can reveal 

the differences in the texture of brick materials in order to understand their degree of 

vitrification [66]. The enhancement of the examination of material microstructures through 

SEM can also be obtained by analyzing three-dimensional samples using X-ray Micro 

computed tomography. This non-destructive approach is founded on the distinct X-ray 

attenuation properties of materials. As the X-ray beam traverses the material, certain X-ray 

photons are absorbed, depending on the linear attenuation coefficient of different materials. 

On the opposing side of the sample, a detector captures the photons that manage to pass 

through, resulting in the creation of a single two-dimensional attenuation map. Through the 

rotation of the sample, multiple shadow projection images are acquired from various angles. 

 From this collection of images, algorithms for image reconstruction work to establish 

the detailed three-dimensional structure of the samples. Given their non-destructive nature, 

micro-CT analyses are particularly fitting for temporal investigations, offering the ability to 

subject samples to external loads and subsequently reconstruct the evolving 3D image at each 

load step (in-situ and ex situ micro-Ct) [67-69]. In their work, Shetty et al. [70] applied this 

method to evaluate the predictive potential of X-ray micro-CT in anticipating the onset and 

progression of cracks in masonry subjected to compressive loads. This technique is also widely 

used for measuring also the porosity of the samples. Effectively, Micro-CT scanning provides 

a three-dimensional visualization of the internal structure of the bricks that it is influenced by 

different artifacts such as: misalignment compensation, ring artifacts reduction and beam 

hardening correction. As a result, the voxel edges are limited, making it unable to detect pores 

with inferior dimensions to the maximum resolution, that could be obtained from Mercury 

intrusion porosimetry analysis, more suitable for quantitative assessment of pore distribution 

[71]. Based on these considerations, results from brick and mortar investigation on their 

microstructure are given in Fig. 9a-e and Fig. 10a-f. As it is easy to note the medieval brick 

shows great heterogeneity with zones more intact than others and a more irregular shape of 

voids when compared to the samples from XVIII and modern brick (Fig. 9a and Fig. 9c-d). These 

outcomes naturally result from both the homemaking procedure and the degradation 

phenomena that the materials have undergone over centuries. For the mortar analyzed, all 

the samples show a round porosity with a regular shape but the numbers of voids of the 

modern mortar MR3 is evidently inferior to both the mortars from XVIII and XIV century 

(Fig. 10 a-b-c). 

 Regarding compressive strength analyzed, the load is generally applied by means of 

steel plates in load control or displacement control test set ups. In the latter case, it is possible 

to investigate the post peak softening behavior of the materials. Analysis of the bricks were 

carried out in load control with cubic specimens of mean dimension of 40 mm. For the 

mortars, double punch test, according to German standard [72] was performed on historical 
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mortar joints and plates of M7 mortars cut from standard beam specimens, according to 

EN 1015-11 [53]. 

 

 
Figure 9: SEM with elemental maps of brick CB1 (a) brick CB2 (d). Micro-CT of bricks CB1(b), CB2 (e) and CB3 (c) 

[60]. 

 

 
Figure 10 Micro-CT and petrographic thin section of mortars MR1 (a-d), MR2 (b-e) and MR3 (c-f) with details of 

the porosity evidenced in green areas [59]. 
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 In this case, no specific correlation is evidenced with the porosity. Effectively, this 

comparison is affected by the different curing conditions of in-situ historical mortars and 

standard conditions for MR3. Sassoni et al. [73] have previously observed that the double 

punch compressive strength of mortars extracted from masonry walls can exceed both the 

double punch compressive strength of plates cut from standard specimens, as well as the 

standard compressive strength on full prismatic sample (40 x 40 x160 mm) of the identical 

mortar. In their study [73], besides differences due to confinement, shape, and sample 

dimensions between the standard and double punch tests, changes in the microstructure of 

the specimens played a significant factor, with standard prisms displaying approximately 50% 

higher open porosity compared to samples derived from masonry joints. In this context, shape 

and scale effects ratio for the determination of standard compressive strength from double 

punch tests on mortar joints of existing masonry should take into account this aspect and 

should not be determined on mortars cured in the same standard conditions [74]. Values of 

the total porosity obtained by the investigations and the compressive strength of the materials 

is given in Table 1.  
 
Table 1: Results of compressive strength of cubic sample from bricks and plates cut from standard samples of 

the mortar. Elaboration from [59-60]. 

Materials Period (century)  Total Porosity [%] Compressive strength [MPa] 

CB1 XIV  29.7 10.64 

CB2 XVIII/XIX 13.3 42.34 

CB3 XXI 35.9 27.15 

MR1 XIV  30.3 3.01 

MR2 XVIII/XIX 37.1 26.84 

MR3 XXI 5.6 7.08 

 

Information on these properties can be further improved with the determination of the 

compressive strength of the materials with different shapes and porosity with different 

techniques such as: mercury intrusion porosimetry and/or measurements of the water 

accessible to pores [75]. Beyond the elastic mechanical properties that are generally 

determined on masonry components, post-peak mechanical properties of mortars and bricks 

have a relevant importance for predicting masonry performance at ultimate limit states. In 

this context, relationships based on concrete experimentations are commonly used. MODEL 

CODE 90 [76] proposes recommendations for the ductility indexes depending on the 

compressive strength ranges of the materials analyzed. 
 

2.3 Unreinforced masonry in-plane loaded  
 

 Nowadays, earthquakes represent the world deadliest natural hazard. On a European 

scale, the significant concern lies in the seismic vulnerability exhibited by the architectural 

heritage of Member States facing moderate to high seismic hazards, such as Italy and Greece. 

However, the impact of earthquakes can extend to other European nations as well, including 

Spain, Portugal, France, and the Netherlands. In the case of the Netherlands, the seismic risk 

is recently increased resulting from gas extraction activities and vulnerability of constructions, 
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built before 2005 without seismic design provision [77]. It should be noted that in Poland, 

seismic and para-seismic impacts are primarily associated with anthropogenic activities, 

particularly deep mining operations. These include hard coal mining in the Upper Silesia region 

and copper extraction in the areas of Lubin and Polkowice in Lower Silesia. According to Kubica 

[78], these induced vibrations are a relevant factor in the design and performance assessment 

of masonry wall enclosures in these regions. 

 In recent years, our understanding of earthquake engineering principles applied to 

masonry structures has been swiftly advancing. While seismic events offer a distinctive chance 

to obtain insights from the shortcomings of current structures on a broad spectrum, there is 

a continual need for comprehensive investigations on full-scale masonry structures. These 

investigations are essential for gaining deeper insights into the mechanisms of failure, thus 

facilitating the development of accurate predictive models. 

 At masonry structural level, a hierarchical order exists within failure modes since the 

occurrence of in-plane failure is contingent upon the prevention of more critical failure modes 

[79]. Among these, the first is masonry disgregation, which occurs when a portion of masonry 

is unable to withstand nearly any horizontal forces, resulting in fragmentation of the texture. 

Subsequently, there are out-of-plane modes that are characteristic of inadequately designed 

structures, unwise alterations to original constructions, or historical architectural heritage 

built prior to the establishment of systematic engineering codes. An example of the latter 

scenario is evident in cases where the horizontal connections of masonry walls are weak, 

leading to a lack of box structural behavior [80]. Only after, the development of in-plane failure 

modes is obtained with different crack patterns and failure mechanisms. The sequence of 

failure modes resulting from masonry damage during the Lesvos earthquake [81] is illustrated 

in the Fig. 11a-b-c. From the observed failures modes, tests for masonry have been elaborated 

from different Authors for evaluating their basic mechanical features. Following the 2010-

2011 Canterbury earthquake, some unreinforced cavity masonry walls exhibited diagonal 

cracking along the mortar-brick joints (Fig. 12a-b), which is indicative of in-plane shear 

deformation. This failure mode was particularly observed where out-of-plane collapse was 

prevented, allowing the two leaves to act partially together [82]. This failure mode aligns with 

ōǊƻŀŘŜǊ ŎƻƴŎŜǊƴǎ ƘƛƎƘƭƛƎƘǘŜŘ ƛƴ ǘƘŜ ƭƛǘŜǊŀǘǳǊŜ ǊŜƎŀǊŘƛƴƎ ǘƘŜ ǎŜƛǎƳƛŎ ǾǳƭƴŜǊŀōƛƭƛǘȅ ƻŦ ŦŀœŀŘŜ 

systems, which, although non-structural, require specific design attention to mitigate shear-

induced damage and ensure continuity in performance-based seismic design frameworks [83]. 

 In the next paragraph the attention is given to the experimental mechanical behavior 

of masonry at meso-scale, from small assemblage to large scale elements, with main 

concentration to in-plane loadings. 

 
Figure 11: Hierarchy of failure modes for masonry buildings from Lesvos case study [81]: masonry disgregation 

(a), out of plane mode (b) and in-plane mode (c). 
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Figure 12: Examples of diagonal shear cracking through (a) mortar joints and (b) through bricks for masonry 

cavity walls. Adapted by [82]. 

 

2.3.1 Masonry assemblage behavior 

 

 The smallest masonry configuration consists of two units connected by a mortar joint, 

offering the opportunity to investigate the unit-mortar interface, typically the most vulnerable 

element in masonry. Two distinct testing methods are employed to assess these interfaces: 

direct tensile tests and shear bond tests, primarily aiming to explore the respective failure 

modes, known as first and second modes, respectively. 

 Typical response of direct tensile test on couplet with displacement control is 

represented in Fig. 13a with a linear behavior till the peak followed by a softening exponential 

branch. Van der Pluijm [84] tested several clay and calcium silicate (Ca-Si) units in 

combinations with different mortar types, evaluating the fracture energy of the first mode Gft 

and tensile strength ft. Results showed no clear correlation between these two variables but 

a trend with increasing value of fracture energy corresponding to high value of tensile 

strength. Furthermore, the surface of fracture in the tensile tests is inferior to the total cross 

section of the couplets on average of 35%, probably due to setting of the mortar in its plastic 

phase and shrinkage (Fig. 13b). From these tests, values of the fracture energy of the first 

mode ranging from 0.002 to 0.02 N/mm are reported. Values obtained from the 

experimentation carried out in Barros et al. [85] are slightly higher probably due to the process 

of manufacturing the masonry specimens that enforced a loaded area similar to the cross-

section. 

 The bond wrench test setup is also employed [86-87] for assessing the tensile bond 

characteristics of couplets or stack-bonded prism interfaces (Fig. 14a). This value holds 

significance as it is linked to the ability of masonry to withstand out-of-plane loads and 

maintain stability against wind loads, real issue due to the use of lightweight roofs in modern 

practice. Several tests set-up have been elaborated but the principle is applying a load F by 

means of a clamp and a lever with a certain distance L to the top unit of the specimens, while 
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maintaining restrained the lower part of the sample. Kubica and Galman [88] recently tested 

according EN1052-5 [89] the influence of mixing content water and curing time on the bond 

ōŜƘŀǾƛƻǊ ƻŦ ŎƭƛƴƪŜǊ ǳƴƛǘǎ ƛƴǘŜƴŘŜŘ ŦƻǊ ŦŀœŀŘŜ ǿŀƭƭǎΦ 9ŦŦŜŎǘƛǾŜƭȅΣ ǘƘŜ ǊŜƭƛŀōƛƭƛǘȅ ƻŦ ǘƘŜ ǿǊŜƴŎƘ 

test results is questionable when comparing different experimental campaigns due to the 

differences in shapes of samples and in the test set-up features allowed. In this context, 

Gaggero and Esposito [90] proposed a comparative study on the influence of different wrench 

test set-ups on cement and lime-based masonry samples. Both manual and computer-

controlled test setups exhibited comparable coefficients of variation, indicating no elevated 

differences in the accuracy. However, stack-bonded couplets appeared to underestimate 

bond strength compared to the test results obtained on running bond wallettes. In terms of 

flexural strength of masonry in out of plane movements, the EN1052-2 [91] is the widest used 

allowing tests in direction perpendicular and parallel to the bed joints [92] (Fig. 14b-c). 

Effectively, Van der Pluijm [84] evidenced the relations between the flexural strength on 

wallettes tested parallel to bed joints in four point bending and the bond strength from prisms 

tested with the wrench test. Theoretical and experimental ratios of 0.7 and 0.87 were found 

for wrench bond strength and flexural strength of clay masonry. 

 

 
Figure 13: Typical response of masonry couplet tested in tension (a) and result for the actual bonding cross-

section (evidenced in red) from tensile prism made of clay units and mortar with volumetric proportions 1:2:9 
of cement:lime:sand from Van der Pluijm [84] (b). 

 

  

 

 
Figure 14: Typical wrench bond test set-up as for EN1052-5 [89] (a). Failure modes involved in flexural tests as 

for EN1052-2 [91]: parallel to bed joints (b) and perpendicular to bed joints (c). Adapted from Singhal et al. 
[92]. 
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 Shear behavior of couplets were also investigated by Van Der Pluijm [84] with two 

different tests set-ups. Effectively several Authors studied different test set-ups with the main 

objective of enforcing a uniform state of stress in the joints. In the first tests on couplet 

specimens subjected by a fixed compression orthogonal to the bed joint and shearing force 

parallel to the bed joint are performed. The experimental outcomes of these tests showed 

a typical diagram with a softening tail that does not fall to zero but becomes stable at a certain 

level. This level corresponds with the dry friction of two non-bonded surfaces. Furthermore, 

it is possible to associate to the specimens a value for the fracture energy for the II mode GfII 

(Fig. 15a). Successively, a new test set-up was elaborated with the purpose to experience 

masonry specimens under programmable combination of tension and compression, thus, to 

establish a complete failure envelope for joints (Fig. 15b). At European level, the shear 

strength is evaluated according to the standard EN1052-3 [93], where the specimens are 

triplets, subjected to at least three level of increasing pre-compressions. In this scenario, 

setting up the test and establishing the envelope are relatively straightforward tasks. 

However, obtaining the softening behavior can be challenging because joints typically do not 

fail simultaneously, and the initial failure of one joint leads to the rotation of the specimens. 

From the experimental outcomes emerged also the phenomenon of the of dilatancy  ̞

namely: the occurrence of a vertical displacement un perpendicular to the imposed shear 

force. Physically, it is due to a non-perfectly smooth cracked surface, so the shearing goes 

united with an uplift of the bricks. 

 

 
Figure 15: Results from shear test on couplet subjected to constant vertical load Fn (a) Envelope model of the 

interface brick-mortar for increasing level of pre-compression (b). Adapted from Van Der Pluijm [84]. 

 

 Hilsdorf [94] made the initial effort to describe the axial compression behavior of 

masonry, relying on stiffness relationships between mortars and bricks within stack-bonded 

prisms. Typically, there are two distinct scenarios to consider. In the first scenario, which is 

common in historical structures, the mortar exhibits greater deformability compared to the 

units. In this case, the lateral deformations of the mortar joints are constrained by the stiffer 

units, causing them to be in a triaxial state of compression, while the units experience a biaxial 

state of tension. In this scenario, prism failure occurs through the tensile splitting of units if 

the confined mortar strength surpasses the tensile strength of the units; otherwise, it results 
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from the crushing of the mortars. In the second scenario, where the mortar is stiffer than the 

units, the joints are subjected to a biaxial tensile state of stress, while the bricks themselves 

are under triaxial compression. In this situation, a brittle failure occurs due to the crushing of 

the units [95]. 

 The American standard ASTM C1314 [96] employs prism tests to assess compressive 

behavior, while the European Standards EN 1052-1 [97] rely on wallettes tests for the same 

purpose. Naturally, it is crucial to accurately characterize the compression stress-strain 

behavior of masonry in order to investigate material-dependent aspects of masonry structural 

performance and apply realistic numerical models. In this sense, the first stress-strain 

relations used for masonry structure analysis at macro-scale were taken by the concrete 

experimentations. The Kent and Park model [98], calibrated using experimental tests on 

masonry, remains a prominent example utilized in panel-scale modeling [99]. This is due to its 

straightforwardness, characterized by a representation of a parabolic branch up to the peak 

load followed by a linear softening branch. 

 More properly related to masonry, Eurocode 6 [13] proposes stress-strain relationship 

of masonry in compression for designing purposes with parabolic and rectangular shapes, 

defining the peak and ultimate strains based on the types of units. The compressive strength 

is given by (1): 

 

Ὢ ὑὪὪ  (1) 

 

where: 

ω fk is the characteristic compressive strength of the masonry; 

ω K is a constant to be defined depending on the brick and the brick-mortar joint types 

(ranging from 0.35 to 0.55 for clay bricks) and usually specified in National Annex to use 

in given country; 

ω  h is a constant (now taken as 0.7 for masonry other than dimensioned natural stone 

masonry, made with general purpose mortar and lightweight mortar); 

ω  ̡ is a constant (now taken as 0.3 for masonry other than dimensioned natural stone 

masonry, made with general purpose mortar and lightweight mortar); 

 According to EN 1052-1 [97], if the secant modulus of elasticity is not determined 

experimentally, a simplified estimation may be adopted by using a coefficient k multiplied by 

the compressive strength of the masonry. The recommended default value for k is 1000, which 

provides a conservative estimate on the safe side. However, this coefficient can vary 

significantly depending on national recommendations and the type of masonry units used. For 

example, the German National Annex to EN 1996-1-1 (DIN EN 1996-1-1/NA:2012-05 [100]) 

suggests differentiated k values depending on the masonry unit category (e.g., vertically 

perforated clay units, lightweight concrete blocks), typically ranging from 700 to 1200. Other 

National Annexes also provide specific values tailored to their regional materials and 

construction practices. This variability highlights the empirical nature of the k factor and its 

sensitivity to local material properties and manufacturing standards.  

 Kaushik et al. [101] re-adapted Kent-Park model [98], performing compressive tests on 

mortars, bricks and masonry assemblages in order to predict their uniaxial stress-strain. A part 
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the stress-strain definition, an insightful conclusion is depicted by numerous tests on masonry 

prisms made of strong and weak mortars. In fact, experimental results have revealed that the 

conventional assumption that masonry exhibits compressive behavior intermediate to that of 

bricks and mortar no longer applies when the strength and stiffness of bricks and mortar are 

similar. In this case, it is better in terms of masonry performance using soft instead of strong 

mortars. The peak strength ŦΩm (2) and deformation Ωʁm (3) of the stress-strain proposed is 

given based on the results of four types of bricks and three types of mortars: 

 

Ὢᴂ πȢφσὪȢὪȢ  (2) 
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Where fb the compressive strength of the bricks, fj the compressive strength of the mortar, Em 

the elastic modulus of masonry. 

 With a stress-strain shape parabolic till the decreasing of 0.9 of the peak strength of 

the masonry and then a conventional linear softening branch with last deformation ranging 

from 2 to 2.75 times the peak deformation. The last value introduced because masonry 

incorporating lime mortar possess a higher ductility (Fig. 16). 

 Lumantarna et al. [102] calibrated the same stress-strain relationship proposed by 

Kaushik et al. [101], using experimental data from both laboratory-produced and existing 

masonry materials. In their study [102], the peak compressive strength ŦΩm (4) and the 

corresponding strain ʁΩm (5) were defined using the same notation as in Kaushik et al. [101]: 
 

 
Figure 16: Compressive stress-strain relationship proposed by Kaushik et al. [99]. 
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 Specifically, the Authors [102] observed that prisms constructed using mortars with an 

average strength exceeding 5MPa and those constructed with mortars having an average 

strength below 5MPa could be characterized using the Kaushik equation [101], with this 5MPa 

value serving as the demarcation between masonry made of strong and weak mortars. 

 Most of the research in the literature concentrates on establishing the compressive 

strength of masonry wallets and prisms through regression analysis of experimental tests. 

Generally, the shape of these formulations finds in the form of power model or linear 

expression of the strength of constituents. The US commentary on Specification for Masonry 

Structures [103] proposes for example a linear equation (6): 

 

Ὢ
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(6) 

 

 Where the factor 145 is due to the passage from Psi in MPa unit, A depends on the 

type of masonry (1 for inspected masonry) and B depends on the ASTM strength classification 

for mortars. In only a limited number of instances, these relationships explicitly consider 

factors that influence strength, such as sample slenderness, joint thickness, or local effects 

[104]. In this context, Thaickavil and Thomas [105], based on prism testing, elaborated 

a formulation (7) accounting for height-to-thickness ratio of the masonry prism (h/t ), volume 

fraction of brick (VFb) and volume ratio of bed joint to mortar (VRmH): 
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 In addition to the examination of the compressive properties, the shear and tensile 

properties of walls play a crucial role in predicting the structural performance of masonry. To 

investigate these properties in both in-situ and laboratory settings, diagonal shear tests are 

conducted [106-107] (Fig. 17). 

 Typically, these tests involve applying force along the main diagonal of the specimen 

using hydraulic jacks and two steel shoes positioned at opposing edges until failure occurs. 

Dimensions of the steel shoes should be limited in order to avoid modifications of the failure 

modes from ones associated with shear stress to ones connected to the compression of 

masonry. However, this effect is only appreciable for long shoes in the range of 1/3 of the 

specimen length [108]. It is also not unusual to find literature cases where the first rows of 

bricks are removed at the opposite edges of the wallettes, to avoid sliding between the first 

rows of bricks and the rest of the panel. This last instance may occur in the case of old masonry 

materials (e.g. adobe masonry [109]) but, also, in the case of new masonry solutions with poor 

mechanical properties [110]. Two main standards are commonly followed: the American 

ASTM E 519-10 [111] and RILEM TC-76 (LUMB6) [112]. These standards are founded on two 
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distinct hypotheses for interpreting the stresses at the center of the panel (Fig. 18). 

ASTM E 519 [111] operates under the assumption of pure shear stress at the center of the 

panel, considering an isotropic linearly elastic material. In this scenario, the principal tensile 

strength aligns with the pure shear strength. On the other hand, RILEM TC-76 [112] relies on 

the solution to the elastic problem for a plane stress element, as proposed by Frocht [113], 

under the assumption of a homogeneous and isotropic material. In this case, the principal 

tensile strength at the center of the panel is obtained as Ì = -0.5P/A. However, several Authors 

[108,114] have observed through finite element analysis that the RILEM [112] approach is 

based on a more accurate assumption regarding the stress states. 

 

 
Figure 17: Typical test set up scheme for diagonal compressive test on masonry wallettes. From Silva et al. 

[106]. 

 

 In instances of diagonal cracking, the principal tensile strength of the diagonal test can 

be associated with the one determined through the shear-compression test, as per the 

¢ǳǊƴǑŜƪ ŀƴŘ 2ŀőƻǾƛő ƳƻŘŜƭ ώм15]. According to this model, the panel experiences diagonal 

failure when, while maintaining a constant compressive stress, the shear strength is increased 

to the point where it equals the tensile resistance of the material's principal tensile strength. 

.ȅ ǊŜǾŜǊǎƛƴƎ ǘƘŜ ǊŜƭŀǘƛƻƴǎƘƛǇ ǇǊŜǎŜƴǘŜŘ ƻŦ ¢ǳǊƴǑŜƪ ŀƴŘ 2ŀőƻǾƛő ώм15], one can derive the 

principal tensile strength of the masonry (Fig. 19). In Fig. 19, the coefficient p considers the 

slenderness of the cross-section of the panel and can assume values of 1.5 and 1.0 for slender 

and squat walls, respectively. In most international codes, this parameter is an assumed 

variable with the aspect ratio [116-117]. Effectively, Celano et al. [118] showed, based on 

parametric numerical analysis, the possibility of using values superior than 1.0 even for squat 

walls. 
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Figure 18: Representation of the tensional state at the center of the panel according to ASTM [111] and RILEM 
(Frotch) [113] interpretations, by the aƻƘǊΩǎ ŎƛǊŎƭŜǎΦ ( x̀, ̀ y represent axial stresses at the center of the panel 
while Űxy denotes the shear stresses acting in both the horizontal and vertical directions, Ì and ̀ II principal 

stresses, C center of the Mohr circle, R radius of the Mohr circle, P diagonal load applied). 

 

 

 
Figure 19: aƻƘǊΩǎ ŎƛǊŎƭŜǎ ǊŜƭŀǘƛǾŜ ǘƻ ǘƘŜ ƛƴƛǘƛŀƭ ǎǘŀǘŜ ƻŦ ǘƘŜ ǇŀƴŜƭ όƎǊŜŜƴύ defined with coordinates (̀0; Ǉ ˍ0) of 

compressive and shear stressΣ ŦŀƛƭǳǊŜ ŀǎǎƻŎƛŀǘŜŘ ǘƻ ¢ǳǊƴǑŜƪ ŀƴŘ 2ŀőƻǾƛő όōƭŀŎƪύ with maximum shear stress Ǉ ˍt 
corresponding to the ̀t principal tensile stress [115] and failure for pure shear stress (ASTM) (blue) [111]. 

Adapted from Augenti et al. [14]. (C center of the Mohr circle, R radius of the Mohr circle, V horizontal load 
applied, p factor for the redistribution of the shear stresses at center of the panel). 

 

2.3.2 URM under vertical static shearing ς irregular settlements 

 

 In-plane lateral response of masonry walls has been intensively studied in the last two 

decades but still limited attention has been given to the vertical shear response due to para-

seismic impacts resulting from mining activities (e.g. hard coal mining, copper mining) as well 

as due to various subsidence of foundations, tunneling and intensive urban and/or rail traffic. 

The problem connected with this action pertains not just to loading and non-loading bearing 

walls of new constructions experiencing cracks from minor differential settlements, but also 

to the assessment of life safety factors for more brittle historical masonry structures [119]. 
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Currently, there are limited predictive formulations available for designing at serviceability 

limit states under these stress conditions. 

 The majority of experimental tests carried out in this area concerns reduced scale 

specimens. In the European panorama, within the context of the assessment of risk damage 

due to tunnel excavations, an experimental test and numerical modelling on a 1/10th scaled 

ŦŀœŀŘŜ ƳƻŘŜƭ ƛǎ ǊŜǇƻǊǘŜŘ ƛƴ ώм20-121]. Based on these studies, Authors [120-121] concluded 

that the soil-structure interaction so the way of modelling the interface plays an important 

role in the structural response of walls. Furthermore, the final damage observed strongly 

depends on the presence of openings with a concentration of stresses at their corners. Other 

examples cover the performance of masonry walls with dry-joints. In this case, the modeling 

strategies preferable are discrete element models where the units are considered as rigid 

bodies interacting at their contact interfaces [122-124]. Different large-scale test set-ups for 

the determination of the performance of masonry walls subjected to vertical shear loads were 

developed at the Silesian University of Technology [125-126]. The first test stand developed 

by Kubica [127] was designed to investigate the behavior of unreinforced masonry walls 

subjected to shear deformations caused by differential vertical displacements. The 

experimental setup consisted of a rigid steel frame supporting generally full-scale walls made 

of running bond solid clay bricks and AAC blocks bonded with lime-cement mortar of different 

proportions. The walls were seated on two independent supports: one fixed, and the other 

vertically displaced upward using a hydraulic actuator, thereby inducing a controlled angular 

distortion across the panel. This configuration allowed the simulation of realistic shear 

deformation without applying lateral loads. Measurements included vertical and horizontal 

displacements via LVDTs, strain development through gauges, and visual monitoring of crack 

formation and propagation (Fig. 20a-b).  

 

 
Figure 20: Test set up (a) and specimens (b) adopted in the experimental investigation by Kubica [127]. 

 

The results showed that cracking initiated near the loaded corner and progressed diagonally 

across the wall, indicating classic shear failure. The walls exhibited nonlinear load-deformation 
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behavior, with progressive stiffness degradation and reduced shear capacity as displacement 

increased (Fig. 21a-b). The observed shear angles at failure and crack patterns were used to 

propose new criteria for assessing deformation limits in masonry, with direct implications for 

evaluating serviceability in structures subjected to foundation movement.  
 

 
 

Figure 21: Example of failure of wallettes made of clay solid bricks (a) and AAC blocks with common joints (b) 
tested without pre-compression (top figures) and with pre-compression (bottom figures) - from Kubica [127]). 

 

 A modification of the previous test stand was thought to study the shear behavior of 

single elements subjected simultaneously to compressive loads and increasing vertical 

shearing. In particular, it was built by bonding the two vertical sides of the walls with two steel 

columns by means of concrete made of fast-setting cement. The wall bottom and top bases 

are first subjected to vertical compressive loads realized using series of tension members. In 

a second step, while one column is fixed to the strong floor during all the test, the other 

transmits to one or eventually two masonry wallettes an increasing vertical shearing load, till 

the failure (Fig. 22). 

 

 
Figure 22: Vertical shear test set up developed at SUT [125]. 
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 Piekarczyk [125] examined the behavior of ten masonry wallettes built with solid clay 

units and blended cement-lime mortars. The wallettes were subjected to shearing forces and 

progressively elevated vertical compression levels. The objective was to investigate the 

correlation between shear stress and the angle of distortion, assessed by monitoring 

modifications in the length of a square frame equipped with strain gauges. The findings 

demonstrated an elastic-plastic response in terms of distortion and shear stress. The 

hardening phase was observed to begin when a critical shear value, indicating the onset of 

diagonal cracking, was reached. Additionally, pre-compressive stresses were found to have 

a beneficial effect on enhancing the resistance to cracking in walls (Fig. 23a-b). In the work 

[128], the same Author extended the experimental analysis to the assessment of walls made 

of aerated autoclaved concrete blocks (AAC) with thin joint thickness. The AAC block samples 

exhibited an altered crack pattern, wherein the distinctive diagonal crack was replaced by 

multiple vertical cracks. These cracks varied in intensity, transitioning from no compression to 

higher levels of compression, respectively, in contrast with main diagonal cracking for all levels 

of compression for clay bricks. On the basis of the same experimentation in Piekarczyk [129], 

the Author proposed a further theoretical description of the results with the Mann and Muller 

criterion [130]. Kubica [126] summarized the main evidence on the in-plane response of 

masonry wallettes subjected to shearing action in vertical direction on bed joints, with or 

without pre-compression. Assuming a failure criterion with visible cracks of width exceeding 

0.3 mm (Serviceability Limit State), Kubica [126] noted the possibility to use safely for design 

purposes the Coulomb-Mohr criterion given in Eurocode 6 [13] also for vertical shearing. 
 

 
Figure 23: Typical vertical shear stress-angular deformation response [125] (a). Crack pattern for clay masonry 
wallettes subjected to vertical shear loads with zero pre-compression p and 1.5 MPa of pre-compression p2. 

Adapted from Piekarczyk [128] (b). 

 

 The need to examine the vertical displacements of masonry walls with realistic base 

dimensions and to speed up the specimen preparation process without using cement 

connections, prompted the creation of another test set up [131]. 

 Specifically, this testing apparatus incorporates a flexible steel beam positioned on the 

top of vertical load cells, enabling the construction of the wall directly without the need for 

lateral connections to adjacent steel columns. Under this setup, only a single wall can be 

tested at a time. Specimens are first subjected to vertical loads F and then the load cells 

through connections with the steel beam, allow for the application of various displacement 

patterns ɻ vi (Fig. 24).  
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Figure 24: Test stand: 1 ς steel frame, 2 ς force gauge with range with the range to 500 kN, 3 ς hydraulic jack 
with the range to 500 kN, 4 ς steel beam, 5 ς reinforced concrete top beam, 6 ς tested wall, 7 ς members of 

the system for measuring the vertical displacements, 8 ς flexible support (steel beam), 9 ς external support of 
the beam, 10 ς elements of the system enforcing vertical displacements, 11,12,13 ς hydraulic jack with range 

to 150 kN, 14 ς screws for fixing the deflections. From Piekarczyk [131]. 

 

 Similar test set-up has been used before on masonry walls on with and without 

openings in Holanda et al. [132-133], where only a load cell acting as support, positioned in 

the middle of wall, was pulled to enforce a vertical displacement till the elimination of its 

vertical reactions. In this case, the vertical shear reaction was applied to a reinforced concrete 

beam. Furthermore, in their tests a simplified macro-model approach showed the necessity 

to consider the contact interface between the deflecting concrete beam and the wall for more 

reliable results. Loots et al. [134] conducted an experiment involving a masonry wall with 

dimensions of 3 meters in length and 1 meter in height. They subjected this wall to a deflection 

by means of a supporting I steel beam and observed the development of a non-symmetric 

crack in the wall at approximately a 1/1200 deflection ratio. Also, Meyerhof [135] suggested 

that the ratio of support beam deflection to its span should not surpass 1/2000, and 

ŀŘŘƛǘƛƻƴŀƭƭȅ ǘƘŜ ǘŜƴǎƛƭŜ ǎǘǊŜƴƎǘƘ ƻŦ ǘƘŜ ǿŀƭƭ ǎƘƻǳƭŘ ōŜ ŀǘ ƭŜŀǎǘ лΦнм bκƳƳчΦ ! ƴŜǿ ǘƛƭǘƛƴƎ ǘŀōƭŜ 

has been elaborated by Savalle et al. [136]. In this case, the settlement system comprises 

a mobile component (with one degree of freedom represented by vertical translation) and 

a stationary component represented by the tilting table at rest. Test specimens are placed on 

both tables, and the downward motion of the settlement table replicates differential soil 

settling. In a construction site case study conducted by Kania et al. [137], partition masonry 

walls featuring a central door opening were subjected to increased deflections by means 

vertical actuator, acting on a refaced concrete floor. The investigation encompassed two walls, 

with one wall utilizing lateral connections composed of flexible steel anchors, while the other 

wall had a rigid connection to cross walls. The first wall showed a first crack with deflection of 

1/958, while the deflection of the rigid wall was able to sustain a double deflection without 
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showing damage. The works [138-139] described the results of full-scale tests on calcium 

silicate masonry walls with and without symmetrical and asymmetrical openings, subjected to 

vertical deflection, based on the test set up of Fig. 24. The analysis of crack patterns revealed 

varying behavior, primarily influenced by several factors: the presence of openings, the 

inclusion of redistribution elements for vertical loads, and the simultaneous occurrence of 

increasing vertical loads alongside increasing floor deflections. 

 Specifically, walls without openings exhibited critical cracks for detachment of their 

base from the support, showing deflection values below 1.5 mm when not subjected to any 

top compressive loads. In contrast, walls with identical dimension (4.55 x 2.45 m), when 

subjected to increasing vertical loads and vertical displacements, exhibited higher deflections 

up to 26 mm, accompanied by a crack pattern characterized by diagonal cracking, starting 

from the edges, or cracking along the mid height of the walls (Fig. 25). 

 
Figure 25 Crack patter of calcium silicate masonry walls 4.55 x 2.45 m tested without vertical loads and 
increasing vertical displacements (a) and with increasing vertical load and deflection (b). Adapted from 

Piekarczyk [139]. 

 

2.3.3 URM under horizontal cyclic loading ς seismic type loads 

 

 The experimental investigation of masonry wall cyclic lateral behavior has started 

receiving significant attention in the past twenty years. Due to this scientific interest, 

comprehensive datasets and test results have been systematically gathered [140-142], 

providing valuable information at the design level of masonry building. Various factors impact 

on the lateral wall responses, including slenderness of the wall, vertical stress, masonry 

textures, and boundary conditions [143]. In any case, the lateral response of masonry walls 

can be distinguished based on the different crack patterns and failure mechanisms observed 
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experimentally. Specifically, a flexural failure mode can happen when the compressive and 

tensile strength thresholds are reached on opposite sides of the base of the wall known as 

rocking (Fig. 26a). Alternatively, elevated compressive loads may only lead to failure when the 

maximum compressive strength is reached at one edge of the wall base (toe crushing) in 

Fig. 26b. 

 

 

 
 

Figure 26: In-plane masonry walls failure modes when subjected to vertical and lateral load: rocking flexural 
behavior (a), toe crushing (b), diagonal shear sliding (c), diagonal cracking (d) and horizontal sliding (e). 

 

 In contrast to previous flexural responses, a shear failure mode can manifest, 

characterized by different resistance mechanisms: diagonal cracks along the mortar head and 

bed joints (diagonal sliding) in Fig. 26c, diagonal cracks through bricks and mortar (diagonal 

shear cracking) in Fig. 26d and horizontal sliding along bed joints (sliding) in Fig. 26e [144-145]. 

In real-world scenarios, multiple failure modes may concurrently manifest in the same 

masonry element, complicating the establishment of precise relationships for defining these 

failure modes. 

 Anthoine et al. [146] examined the influence of wall geometry, testing in quasi-static 

cyclic loads two walls, with the same vertical force of 150 kN and double-fixed boundary 

conditions, with different heights height to width ratio. Tests highlighted a shear response of 

the squat wall with high energetic dissipation and softening behavior after the peak shear 

load. Based on the previous study and others [147], Magenes and Calvi [148] introduced 

modification of the simplified formulation for the determination of lateral response according 

to the existing codes. Raijmakers and Vermeltfoort [149] tested the influence of increasing the 

vertical pre-compression loads on clay masonry walls. Increasing the level of pre-compressive 

loads lead to an increase of lateral shear strength but a more brittle failure, characterized by 
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diagonal cracking. Triller et al. [150] performed cyclic static tests considering different 

boundary conditions. Precisely, four types of restraints were considered: type I (cantilever), 

type II (fixed-fixed rotations with constant axial force), type III (fixed-fixed rotations and fixed 

vertical displacements with variable axial force) and type IV (fixed position of the moment 

inflection point at mid-height of the wall). Only the cantilever boundary conditions (type I) 

produced flexural failure while all other boundary conditions produced shear type response. 

 Effectively, the most common boundary conditions reproduced by experimental tests 

are the cantilever and the double-fixed conditions, which may not be the most realistic of the 

structural walls of masonry building, as shown in Petry and Bayer by means of pushover 

ŀƴŀƭȅǎƛǎ ƻŦ ŀ ƳŀǎƻƴǊȅ ŦŀœŀŘŜ ǳǎƛƴƎ ƳŀŎǊƻ-modelling approach [151]. Furthermore, these 

experimental tests are inherently limited by the specific experimental conditions and sample 

dimensions reproduced in each test. This limitation is linked to the size/scale effect, wherein 

increasing the size of a specimen results in a reduction of its structural strength, as highlighted 

numerically by Lourenco [152]. This aspect is critical because, as observed by Petry and Bayer 

[151] the majority of cyclic tests conducted to establish standards for the drift capacities of 

masonry walls, used for assessing existing structures, and more recently, for displacement-

based design, have employed masonry walls with heights lower than the typical storey height 

for masonry buildings, thus yielding non-conservative results. Other studies focus on 

investigations related to different materials. Aoki et al. [153] conducted parametric studies on 

the cyclic lateral behavior, with key variables including the aspect ratio and various mortar 

types representative of both historical constructions and contemporary structures. In 

particular, walls made of cement and mixed cement lime mortars with higher strength 

characteristics showed flexural rocking failure mode. Walls with lime-based mortars with low 

strength mortar showed diagonal shear cracking failure mode. Interestingly, the failure modes 

observed for the walls were irrespective of the different aspect ratios and were completely 

governed by the mortar types. Also, while the peak in-plane lateral load carrying capacity of 

lime-based walls were lower than the cement-based walls, their energy absorption and 

equivalent damping were higher. Upon the episodes of induced seismicity in the north of the 

Netherlands, an extensive testing program has been conducted by Messali et al. [154], in order 

to understand the response of masonry walls made of Ca-Si bricks. On the basis of this work, 

the researchers concluded that the failure modes strongly depend on the shear ratio with 

flexure governing for high shear ratios, and shear failure occurring for low shear ratios. 

Moreover, while the initial stiffness of the tested walls can be fairly approximated by the 

elastic stiffness computed according to the Timoshenko beam theory and the peak shear force 

can be preliminary estimated with an empirical equation, the displacement capacity of the 

walls at near collapse cannot be predicted accurately. In order to assess the seismic response 

in dry and wet conditions for walls, Elghazouli et al. [155] carried out an experimental 

campaign on walls made of solid clay units and hydraulic lime mortar, based on their previous 

experiences with triplets and couplets in dry and wet conditions. Preliminarily to the 

displacement-controlled cyclic tests, also diagonal compressive tests were performed on 

wallets. Results on diagonal panels showed that moisture reduced both the elastic stiffness 

and strength. Furthermore, moisture reduced for large scale walls both the stiffness and 

lateral strength in range between 10% and 20% approximately, compared to the dry 

counterparts. 
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 From a code perspective, several relationships are available for the shear strength of 

masonry walls subjected to both vertical and lateral loads. Tariq et al. [156] proposes a review 

of the main existing international formulations, hereafter summarized in Tables 2-3 with the 

main analytical expressions. ASCE 41-13 [157] and NZSEE-17 [158] from New Zealand exhibit 

analogous relationships for flexural toe crushing, rocking failures, and diagonal cracking, 

although differences arise in the context of sliding failure. Eurocodes EC6 [13], EC8 [159], and 

the Italian code NTC-18 [38] with its explanatory circular [160] do not provide analytical 

expressions for rocking failure modes while the toe crashing varies just on the coefficient 

describing the stress-block distribution for the compressive stress along the sections.   

 
Table 2: Analytical code expressions for the shear strength of masonry walls subjected to lateral loads for 

American ASCE 41-13 [157] and New Zealand NZSEE-17 [158]. In table: h : 1 or 0.5 for fixed-fixed or cantilever 
boundary conditions, PD: dead load, PW: weight load, L: wall length, heff: height to resultant of seismic force, fa: 
axial compressive stress, fm: masonry compressive strength, fdt: masonry diagonal tensile strength, :̡ 0.67 for 

heff/L>1.5 or1 for heff/L<1.5, ˃ f: friction coef., c: cohesion, t: wall thickness, ˎte: mean bed-joint strength. 

Failure modes ASCE 41-13 [157] NZSEE-17 [158] 

Rocking See NZSEE-17 [158] ὠ πȢω‌ὖ πȢυὖ
ὒ

Ὤ
 

Toe crushing See NZSEE-17 [158] ὠ πȢω‌ὖ πȢυὖ
ὒ

Ὤ
ρ
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Diagonal shear 
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Table 3: Analytical code expressions for the shear strength of masonry walls subjected to lateral loads for 

European EC6 [13] - EC8 [159] and Italian NTC-18 [160]. In the table, identical parameters as those in Tab.2 are 
included, along with additional parameters: b: 1/ ,̡ Aw: area of horizontal wall cross-section, ɹ M: partial safety 
factor, ftk: characteristic masonry diagonal tensile strength, lc: compressed part of the wall, ̀d: axial stress, fvk: 
characteristic shear strength equal to fvk0+0.4 ̀ d for filled head and bed joints or 0.5fvk0+0.4 ̀ d for only filled 

bed joints, fvk0: the characteristic value of fvm0 which is how the NTC indicate the cohesion c. 

Failure modes EC-6 [13], EC-8 [159] NTC-18/19 [38,160] 

Rocking - - 

Toe crushing ὠ
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 Besides the code formulations, the SLAMA-URM methodology [161] offers a simplified 

approach for describing the seismic capacity of masonry buildings at a macro-scale, from 

individual elements to complex assemblies of masonry piers and spandrels. Regarding the 

displacement capacity of masonry piers, codes also provide information based on the failure 
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modes (shear and flexural) and limit states: significant damage (life safety) limit State (SDLS) 

and near collapse limit state (NCLS). These assume the form of limits to the maximum drift 

capacity based on empirical test results. An overview of the Eurocode 8 [159], Italian [38, 160] 

and New Zealand [158] is given in Table 4. Considering the development of the new generation 

of Eurocode 8, [159] Beyer et al. [162] suggested adjusting the drifts of hollow clay masonry 

walls to better align with the experimental results for their cyclic response found in European 

databases. 

 
Table 4: Drift capacity models for in plane behavior masonry walls according to different codes. In table: 

h: height to zero bending moment, l: length of the wall. 

Limit states EC-8 [159] NTC-18/19 [38-160] NZSEE-17 [158] 

 Flexural - Shear Flexural - Shear Flexural - Shear 

SDLS 0.8 h/l % - 0.4 % 0.75 % - 0.375 % - 

NCLS 1.07 h/l % - 0.53 % 1.0 % - 0.5 % Min (0.3 h/l; 1.1) % - 0.3 % 

 

2.4 Numerical modelling and simulations  
 

 Assessing the structural response of masonry structures remains a significant challenge 

due to the mentioned heterogeneity, necessitating the development of precise and efficient 

modeling methods. One of the primary challenges in ensuring the structural safety of masonry 

elements is the nonlinear mechanical behavior that initiates even with minor levels of 

deformation [163]. Furthermore, masonry structures present a difference to reinforced 

concrete and steel structures, as the latter can be straightforwardly represented using one-

dimensional beam elements with flexural responses. In masonry elements, however, it is 

necessary to consider the shear contribution to their load-bearing capacity, which cannot be 

disregarded and not always captured by one-dimensional frame elements. Nonetheless, in 

recent years, various modeling approaches have emerged, spanning from simplistic to highly 

accurate ones. While a sophisticated model has the potential to offer a more accurate 

representation of masonry crack pattern, it typically necessitates a greater number of 

parameters. Obtaining these parameters through experimental tests may be challenging and 

expensive beyond the introduction of additional sources of uncertainty. As highlighted in 

NZSEE part C-2 [164], achieving a delicate balance between accuracy, reliability, cost, and 

complexity is essential in structural analysis. Following the literature review in the work [165], 

modeling strategies for masonry structures may be mainly dived in: block-based models, 

continuum models and macro-element models. 
 

2.4.1 Micro models 

 

 Micromodels, which are also known as block-based models, entail the detailed 

representation of masonry at the individual block level, with interconnecting elements to 

simulate the mortar. These models excel in accurately capturing the failure modes, crack 

patterns and the bonding characteristics of masonry. A well-known micromodel was 
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ŜƭŀōƻǊŀǘŜŘ ōȅ [ƻǳǊŜƴœƻ ŀƴŘ wƻǘǎ ώмс6]. Specifically, the Authors [166] proposed a multi-

surface interface model capable to include the fundamental failure types of masonry 

specimens at small scales, such as: masonry crashing due to tension parallel and orthogonal 

to mortar joints, diagonal failure of masonry due to shear-compression loads, joint tension 

cracking and joint sliding (Fig. 27 a-e). This modeling approach is specifically categorized under 

the "simplified micro-modeling approach." In this case, the mortar joint is treated as having 

no thickness, and the bricks are expanded into the mortar thickness. As a result, the bricks are 

interconnected through their own interface surfaces. For these interfaces, the Authors [166] 

suggested a composite yield surface. This composite yield surface is used to replicate the 

tensile failure of mortar joints (8), the shear response of joints (9), and the crushing of units 

under monotonic loading with a compression cap (10) (Fig. 28). The three surfaces are 

subsequently defined by:  

 

Ὢ ͺ „ȟὯ „ ὪÅØÐ
ὪὯ

Ὃ
 

(8) 
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†
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(10) 

 

where: 

¶  ̀denotes the normal stress, which is considered positive in tension and negative in 

compression. 

¶  ̱represents the shear stress acting tangentially to the interface. 

¶ ƪѕΣ ƪіΣ and ƪї are internal history variables used to model the progressive evolution of 

damage in tension, shear, and compression, respectively. 

Material strength parameters are defined as follows: 

¶ ft is the initial tensile strength of the masonry interface. 

¶ fc is the initial compressive strength. 

¶ c denotes the initial cohesion, while є is the initial friction angle of the material. 

In addition, ̱  represents the maximum allowable shear stress in the compression cap 

region. Fracture energy terms define the rate of softening: 

¶ Gf is the fracture energy in tension. 

¶ Gc is the fracture energy in shear. 

¶ DΩc is the fracture energy in compression 

¶ G  is the fracture energy associated with friction angle degradation. 

 Haach et al. [167] employed an identical micro-modeling approach to conduct 

a parametric analysis on the lateral cyclic behavior of masonry walls. This involved introducing 

potential cracks within the units to prevent an overestimation of both the collapse load and 

stiffness. As a result, potential cracks located at the midpoint of the units were added using 
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discrete cracking model interface elements. Further developments of the micro-modelling 

approach are given in Abdulla et al. [168] and Guo et al. [169] with differences on constitutive 

behavior assigned to bricks and mortar joint interfaces as well as introducing 3D models of 

masonry elements based on the Abaqus software. Alternatively, the "continuous micro-

ƳƻŘŜƭƛƴƎέ ŀǇǇǊƻŀŎƘ Ŧƻƭƭƻǿǎ ƛƴǎƛŘŜ ǘƘŜ ŎŀǘŜƎƻǊȅ ƻŦ ƳƛŎǊƻ ƳƻŘels but with interfaces entirely 

disregarded, and stress-strain relationships are exclusively assigned to mortar joints and bricks 

[170], that are in this case full defined in their dimensions. 

 

 
 

Figure 27: Failure mechanisms considered in micro-modelling: joint tension cracking (a), joint slip (b), unit 
tension cracking (c), unit diagonal cracking (d) and masonry crushing (e)Φ !ŘŀǇǘŜŘ ŦǊƻƳ [ƻǳǊŜƴœƻ ŀƴŘ wƻǘǎ 

[166]. 

 

 
 

Figure 28: Composite yield surface prƻǇƻǎŜŘ ōȅ [ƻǳǊŜƴœƻ ŀƴŘ wƻǘǎ ώмс6]. 

 In the context of modeling complex structural materials such as concrete and masonry, 

the Willam-Warnke failure [171] criterion has served as a foundational basis for the elasto-
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plastic material models developed by Majewski [172-173]. The Author [172-173] extended 

this approach within his custom-ŘŜǾŜƭƻǇŜŘ a!C9a ǎƻŦǘǿŀǊŜΣ ŀŘŀǇǘƛƴƎ ƛǘ ƛƴǘƻ ŀ άŘƻǳōƭŜ-ŎŀǇέ 

plasticity model for concrete, masonry and subsoil settlements. In this case, this model uses 

a boundary surface constructed from rectilinear and parabolic segments, which connect key 

stress states such as uniaxial tension, uniaxial compression, and biaxial compression (Fig. 29). 

The cap on the compressive side allows the model to reflect volumetric hardening and 

softening under high confining pressures. Based on Kubica [174], once defined parameters h, 

 ̡and Y(k) as per equations (11-13): 
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(13) 

where: 

¶ fc,i denotes the compressive strength in uni-axial load conditions. 

¶ ft,i represents the tensile strength in uni-axial load conditions. 

¶ Y(k) is a hardening/softening function. 

¶  ˁis a hardening/softening internal variable. 

¶ C1, C2, C3 and C4 are material constants governing the shape and evolution of ¸όˁύ. 

The equation F1 (14), F2 (15) and F3 (16) describe the relative domain for the yield surface of 

this model.  
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where: 

¶ F1, F2 and F3 are respectively a conical surface, a spherical cap and an ellipsoidal cap. 

¶ ì is representing the principal stresses in the direction i= 1, 2, 3 

¶ m̀ is the mean stress (first invariant I1): ̀ mҐмκоόˋ1Ҍ2̀Ҍ3̀) 

¶  ̀ is the square root of the second invariant I2: 

 ̀ = ώόˋxҍ̀m)2+(̀ yҍ̀m)2+(̀ zҍ̀m)2+ x̱y
2+ y̱z

2+ ẕx
2]1/2 

¶ a is the major semi-axis of the elliptical compressive cap. 

¶ b is the minor semi-axis of the elliptical compressive cap 

¶ c defines the center coordinates of the cap in compression. 
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Figure 29: Yield surŦŀŎŜ ŀŘƻǇǘŜŘ ōȅ aŀƧŜǿǎƪƛ ƛƴ ǘƘŜ ƛƴǾŀǊƛŀƴǘ ǎǘǊŜǎǎ ǇƭŀƴŜ όLѕςLіύ with fccc triaxial compression 

and fttt  triaxial tension, along with info of its three-dimensional segment envelope, as adapted by Kubica [174]. 

 

 Numerical simulations, corroborated by Kubica [174] with comprehensive laboratory 

experiments, demonstrated that this criterion allows for highly accurate prediction of crack 

initiation, deformation patterns, and failure zones in masonry elements. Its predictive 

capability makes it a valuable benchmark for calibrating finite element models aimed at 

capturing the vertical shear behavior of masonry panels under complex loading conditions 

(Fig. 30a-b). 

 
Figure 30: Numerical model for vertical shearing load tests (a) and principal stresses in the heterogeneous 

numerical model (b). Adapted from Kubica et al. [174]. 

 

 Definitely, micro models prove effective in modeling individual structural components 

when the aim is to analyze their inter-relationships across varying scales. This is also the case 

of masonry retrofitting strategies composed by reinforcements embedded in mortar matrixes. 

Ungureanu et al. [175] developed a detailed micro-model of the wallettes retrofitted by textile 

reinforced mortars (TRM). The bricks and mortars were simulated using tetrahedron finite 

elements, while the matrix layers of the TRM were shell elements with the reinforcement 

modelled as truss elements. 



 
39 

 

2.4.2 Continuous models: macro, multi-scale and homogenization models 

 

 Continuum models represent masonry as a unified element with a single stress-strain 

relationship. One of their primary benefits is the ability to employ a coarser mesh that does 

not need to conform to the details of the masonry texture, unlike micro-models. Specifically, 

in macro-mechanical (or macro) models, this stress-strain relationship, aiming to emulate the 

material behavior of masonry, is directly determined by testing masonry samples at meso-

scale. 

 In this context, a frequently employed group of constitutive models is referred to as 

smeared crack models. These models describe the deterioration caused by external loads with 

the formation of localized cracks, though they do not delve into fracture mechanics and still 

operate on a continuity assumption. Particularly, the crack formation in quasi-brittle materials 

modelled according to this approach occurs when the material reaches its peak tensile 

strength. In this case, the material loses its isotropic properties and become an anisotropic 

material. Generally, the deformation due to strain is partitioned into two components: an 

elastic one, representing the deformation of the uncracked material, and a nonlinear one, 

accounting for the additional deformation resulting from cracking [176]. The DIANA finite 

element software offers various models within this framework, including the Total Strain Crack 

Model (TSC) as one illustrative example (Fig. 31a-b). This model can be categorized as either 

"fixed" or "rotating." In the "fixed" model, once a crack is formed, its direction remains 

constant. In contrast, in the "rotating" model, the orientation of the crack, and consequently 

the directions of the principal stresses, vary during the analysis for each load increment. 

Within this model, the stress-strain response under uniaxial loading is characterized by a linear 

segment leading to the maximum compressive strength, followed by a parabolic segment that 

illustrates the degradation in strength under compression. Conversely, for tensile stress, there 

is an initial linear segment leading up to the peak stress, followed by a softening branch 

ŘŜǎŎǊƛōŜŘ ōȅ ŀƴ ŜȄǇƻƴŜƴǘƛŀƭ ŘŜŎŀȅ ōŀǎŜŘ ƻƴ ŦǊŀŎǘǳǊŜ ŜƴŜǊƎȅΦ ά9ƴƎƛƴŜŜǊƛƴƎ aŀǎƻƴǊȅ ƳƻŘŜƭέ ƛǎ 

also part of the same software where several improvements are added for modelling the 

lateral cyclic response of masonry walls [177]. First, the anisotropy of the masonry resulting 

from different stiffness in the direction of the bed- and head-joints is considered. 

Subsequently, a more realistic description of the unloading phases in compression is achieved 

by introducing a ˂ factor that enhances dissipation through a combination of secant and elastic 

stiffness unloading branches, while the unloading in tension is kept secant to zero. Sousamli 

et al. [178] recently proposed an improvement of the latter model particularly for the post-

peak and the unloading/reloading responses in tension. These values are calculated based on 

the crack orientation when cracking initiates. Basili et al. [179-180] investigated the suitability 

of TSC model in reproducing the response of unreinforced and reinforced masonry wallettes 

subjected to diagonal compressive loads. Masonry and reinforcement with lime-based mortar 

and basalt mesh were modelled as an isotropic continuum, with the same mesh and plane-

stress elements but considering two different layers for plaster and grid. No interface 

properties were defined between the reinforcement and the masonry substrates, assuming 

the hypothesis of a perfect bond between them. However, to reproduce the effect of a limited 

bond, a reduced value for the textile tensile strength was assumed with respect to the 



 
40 

 

effective fiber tensile strength. The results showed the capability of the model to predict the 

panel response up to failure, also in a non-symmetrical configuration of reinforcement. 

Recently, Fages et al. [181] proposed a calibration method for masonry adobe of the TSC 

models based on compressive and diagonal compressive tests. 

 

 
 

 
 

Figure 31: Uniaxial stress-stain relationships of Total Strain Crack Model of DIANA Fea: (a) tension and (b) 
compression with secant loading/reloading. Uniaxial stress stain relationships of Concrete Damage Plasticity 

model of Abaqus: (c) tension and (d) compression with loading/reloading defined by damage parameters dt and 
dc. 

 

 Another set of models frequently employed in the macro-mechanical modeling of 

masonry consists of the damage models [176]. These models rely on defining damage 

parameters to consider distinctions between cracked and undamaged cross-section elements, 

describing the degradation processes as loading-reloading cycles increase. An instance in this 

category is the Concrete Damage Plasticity model (CDP), which was first formulated by 

Lubliner et al. [182] with a focus on a single scalar damage. Subsequently, Lee and Fenves 

[183] further improved and modified it by incorporating two distinct scalar damage 

parameters for tension and compression. Gatta et al. [184] also introduced a plastic damage 

model that considers two distinct damage parameters. Additionally, they incorporated a non-

local constitutive formulation to address analytical issues associated with mesh dependency. 

Rainone et al. [185] conducted a parametric analysis on the lateral response of masonry walls 
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utilizing the CDP implemented in the Abaqus software. The latter with axial-stress strain 

illustrated in the Fig. 31c-d. 

 On the contrary, stress-strain for a continuum model can be obtained by means of 

a theoretical homogenization approach. The basic idea of the homogenization is deducing the 

property for an equivalent homogeneous, isotropic, or anisotropic medium representing the 

masonry by considering a representative volume element (REV) that contains in itself all the 

heterogeneities of the material. One of the first application of this mathematical concept to 

masonry was developed by Anthoine [186]. The Author [186] deduced the in-plane 

characteristic of masonry in the linear elastic range, under the assumption of Kirchhoff-Love 

plate theory. Pande et al. [187], in the same linear elastic case, formulated the so-calleŘ άǘǿƻ-

ǎǘŜǇ ƘƻƳƻƎŜƴƛȊŀǘƛƻƴέ ƛƴ ǿƘƛŎƘ ǘƘŜ ǇǊƻŎŜŘǳǊŜ ƛǎ ŘƛǾƛŘŜŘ ƛƴǘƻ ǘǿƻ ǎǘŜǇǎ ƛƴ ƻǊŘŜǊ ǘƻ ǘŀƪŜ ƛƴǘƻ 

account firstly the presence of the discontinuities of bed joints and then that of the bed joints. 

More recently, homogenization approaches for the determination of masonry failure surfaces 

by means of limit analysis have been proposed in Milani et al. [188-189]. In all the cases, the 

process of multi-scale modeling entails a minimum of two sequential steps, beginning with 

the creation of a homogenized model and leading to its practical implementation for static or 

dynamic analyses in real structural cases. 

 Addessi et al. [190] introduced a multi-scale methodology that starts from a 3D micro-

scale representation, simplified as an arrangement of elastic bricks and nonlinear zero-

thickness interfaces. This micro-scale is then transitioned to a macro-scale model, assumed as 

per Mindlin-Reissner theory for flat shells, through a homogenization process founded on 

¢ǊŀƴǎŦƻǊƳŀǘƛƻƴ CƛŜƭŘ !ƴŀƭȅǎƛǎ ό¢C!ύΦ .ŜǊǘƻƭŜǎƛ Ŝǘ ŀƭΦ [191], proposed a homogenization 

procedure, based on a FE discretization of the reference element, that can be used to 

ŎŀƭƛōǊŀǘŜΣ ƛΦŜΦ ǘƻ ƛƴǘǊƻŘǳŎŜ ǘƻ ǘƘŜ ǎǘǊǳŎǘǳǊŀƭ-scale model, non-linear flexural/shear/axial 

springs, representing the interfaces, placed between quadrilateral shell elements 

(Fig. 32ύΦ !ƴȅǿŀȅΣ ǘƘƛǎ ƳƻŘŜƭ ƛǎ ŀŦŦŜŎǘŜŘ ōȅ ƭƻŎŀƭƛȊŀǘƛƻƴ ŀŦǘŜǊ ǘƘŜ Ǉƻǎǘ-peak. Mesh sensitivity 

issues appear principally in brittle materials when trying to describe their softening behavior. 

Several solutions of these problems have been obtained among which the use of fracture 

energy and the characteristic length of the mesh are the most common [192]. 

 

 
Figure 32: Multi-scale Fem model based on homogenization approach adapted from Bertolesi et al. [191]. 

 

2.4.3 Macro elements (panel-scale) models 
 

 Macro-element models, known also as panel-scale or structural component models, 

idealize the structure into panel structural components with a phenomenological or 



 
42 

 

mechanical based nonlinear response. This approach finds its primary application in 

evaluating the impact of seismic forces on masonry buildings and large-scale structural 

elements. An illustrative implementation can be found in the software TREMURI [193], which 

relies on the subdivision of the structure into fundamental elements (piers, spandrel, 

intersection areas) to derive an equivalent frame model. They have manageable 

computational effort but cannot take in account for the crack pattern details and some of 

them assume that the out-of-plane behavior of masonry is prevented.  It has to be noted that 

effectively also macro-elements are continuum elements, but the differences are in the 

determination of the stress-strain behavior of masonry, that in this case, aim at the 

reproduction of the global response of the masonry. First Raka et al. [194] and then Peruch et 

al. [195] proposed for the in-plane behavior of masonry structures an extension of an existing 

distributed plasticity frame model, originally developed for the analysis of reinforced concrete 

elements. The model consists of essentially a Timoshenko beam based on the assumption that 

plane sections remain plane. In particular, the axial-bending behaviors are obtained from 

a fiber-section model of the wall cross-section, while the shear response is obtained through 

a phenomenological shear force-shear deformation law. In this way, bending and shear forces 

are in equilibrium during all the analysis and the wall lateral response is the sum of the flexural 

and shear flexibilities, while strength is governed by the weaker of the two existing 

mechanisms. In this context, the modelling of the masonry structure is carried out idealizing 

the facades into beam elements (Fig. 33). Effectively, lateral panel stiffness calibration should 

be performed focusing the attention to the shear stiffness not only for panel-scale elements 

but also for macro-ƳŜŎƘŀƴƛŎŀƭ ƳƻŘŜƭƭƛƴƎ ŀǇǇǊƻŀŎƘŜǎΣ ŀǎ ǎƘƻǿƴ ōȅ 5Ω!ƭǘǊƛ Ŝǘ ŀƭΦ ώм96]. In 

a recent study, Camata et al. [197] conducted a comparison between the equivalent frame 

approach [195] and established micro-modelling technique on reproducing large scale tests 

on masonry buildings. The results highlighted the effectiveness of the frame model with 

variations in terms of base shear between 1% and 12%. However, it exhibited limitations in 

accurately predicting mixed failure modes. Also, Cattari et al. [198] observed that in modelling 

regular masonry facades, equivalent frame models yield nearly similar results, irrespective of 

the criteria used for determining the height of the piers, of finite element models. However, 

in addition to addressing frame regularity, deficiencies have been identified in the capacity of 

these models to accurately capture the behavior of spandrels. This inadequacy becomes 

relevant in the need for distinct strength criteria from the ones of the piers and in representing 

structural configurations with complex artistic geometry that can couple out-of-plane to in-

plane movements [199]. Indeed, these topics represent, research gaps to be still addressed 

[200]. 

 Recently, Vanin et al. [201] introduced a three-dimensional macro-element 

formulation within the OpenSees software for the assessment of unreinforced masonry (URM) 

buildings, taking into consideration the out-of-plane behavior of masonry panels. In this 

context, the macro-element was demonstrated to accurately replicate rigid block limit 

analyses of one-way bending out-of-ǇƭŀƴŜ ƳŜŎƘŀƴƛǎƳǎΦ /ŀƭƛƼ Ŝǘ ŀƭΦ ώ202] developed 

a noteworthy macro-element that comprises an articulated quadrilateral connected by 

diagonal springs to describe masonry shear behavior. Subsequently, the element was 

improved by adding discrete arrangements of vertical, horizontal and sliding springs to 

connect with other components and simulate compressive and in-plane/out of plane sliding 
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behavior of masonry panels (Fig. 34a) [203]. The same approach can be used for studying the 

influence of the non-structural load-bearing partitioning walls in reinforced concrete 

structures (Fig. 34b) [204-205]. As evident, various software programs employ diverse 

modeling approaches for analyzing masonry structures, occasionally revealing significant 

discrepancies among results for the same structure due to differing theoretical assumptions 

at the base of each modelling [206]. Consequently, there recently arises a need to study 

benchmark structures to elucidate disparities stemming from various modeling and 

parameter assumptions [207]. 

 

 
Figure 33Υ 9ǉǳƛǾŀƭŜƴǘ ŦǊŀƳŜ ƳŜǘƘƻŘ ŘƛǎŎǊŜǘƛȊŀǘƛƻƴ ŦƻǊ ŀ ƳŀǎƻƴǊȅ ŦŀœŀŘŜΦ !ŘŀǇǘŜŘ ŦǊƻƳ wŀƪŀ et al. [194]. 

 

 
Figure 34: Three-dimensional macro-ŜƭŜƳŜƴǘ ǿƛǘƘ ŀȄƛŀƭ ŀƴŘ ǎƘŜŀǊ ǎǇǊƛƴƎǎ ŜƭŀōƻǊŀǘŜŘ ōȅ tŀƴǘƼ Ŝǘ ŀƭΦ ώ203] for 

in/out of plane loads (a). Mesh discretization for infill masonry wall subjected to both in and out of plane loads 
(b) [204-205].  

 

2.5 Summary and Critical Remarks  
 

 The literature review conducted in this chapter indicates several well-established 

research directions and also defines still open issues that are the subject of research. The 
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mechanical and physical characteristics of masonry components (bricks and mortars), 

including the influence of microstructure and porosity, have been widely studied and 

discussed in recent decades. However, especially in the case of masonry structures 

constructed in past historical periods, due to the large variability in the composition and 

manufacturing techniques of these materials, the information is still incomplete. 

 However, it can be assumed that the overall response of in-plane masonry walls and 

the related failure modes under lateral loading are already well understood experimentally 

and described, with several proven numerical strategies proposed in the literature. However, 

the response of masonry subjected to in-plane loads, especially in terms of vertical shear (due 

to non-uniform settlements or displacements induced by various factors) and/or mainly 

horizontal shear due to seismic or para-seismic effects (mining tremors, vibrations induced by 

urban transportation systems, etc.) remains still less documented. The lack of extensive data 

(experimental and analytical solutions) regarding the modification of mortar composition in 

the case of sustainable alternatives to mortars with an increased air lime content is particularly 

noticeable. 

 Regarding the application of numerical modeling, although there are several 

approaches to numerical modeling at a macro scale, the calibration of such models for new, 

environmentally friendly materials still requires further validation. 

 An attempt to fill some of the above gaps and deficiencies through targeted 

experimental tests and numerical studies has been undertaken within the framework of this 

thesis and is presented in its subsequent chapters. 
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CHAPTER 3 - EXPERIMENTAL CAMPAIGN 
 

 The purpose of this chapter is to provide an overview of the materials selected for the 

experimental analysis and the results of experimental tests carried on them. To begin with, 

the chapter presents an analysis of the compressive properties of bricks. Subsequently, it 

delves into the investigation of masonry bedding mortars. In the latter case, the chapter also 

explores more detailed mechanical properties for the two selected bedding mortars, including 

flexural strength, compressive strength, splitting tensile strength and fracture energy. 

 At the level of small masonry assemblages, the chapter includes investigations into 

mechanical properties such as shear, compressive strength and diagonal compressive strength 

for masonry wallettes. The same approach is adopted for full-scale masonry walls subjected 

to complex stress states resulting from lateral cyclic displacements and vertical settlements. 

In all the cases, the analysis of the results centers on the observed crack patterns during the 

experiments with their subsequent interpretation and comparative analysis in the last section 

3.4 of the chapter. 
 

3.1 Supplementary materials tests ς clay bricks 
 

 The clay bricks selected for this research were provided by Wienerberger AG, a building 

products company, along with a datasheet that included information on geometry and specific 

limits for physical and mechanical properties. The units produced through a particular process 

of hand-made mimic bricks in appearance as produced in past centuries. This type of clay solid 

bricks is recommended for the construction of faœade walls of new buildings located in historic 

city centers. They are also used for renovation and repair of walls of existing historic buildings.  

All bricks had frog on the upper surface, as it has been shown in Fig. 35. 

 

 
Figure 35: View of the frogged clay solid bricks used in presented investigations. 

 

However, certain properties, such as flexural strength and elastic modulus, were not included 

or were only indicated ranges values in the datasheet. In order to have more accurate 
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information relative to the latter properties, in this part of the thesis, tests on compressive 

and flexural strength, water absorption and initial rate of absorption (IRA) are conducted.  

In Table 5, an overview of tests carried out on bricks is given with the individual test series 

identified by a code. The first part of the code indicates the type of test:  

¶ WA - for water absorption test,  

¶ IR - for initial rate of water absorption,  

¶ BT - for full size bricks subjected to a three-point bending test,  

¶ CT - for solid bricks subjected to compression test. The second code number recalls the 

type of material analyzed i.e. CB for clay bricks. 

 
Table 5: Overview of the test types carried out on brick samples. 

aŀǘŜǊƛŀƭ 
¢ŜǎǝƴƎ 
{ŜǊƛŜǎ 

{ŀƳǇƭŜ ǎƘŀǇŜ 
όƳƳύ 

bǳƳōŜǊ ƻŦ ǎŀƳǇƭŜǎ {ŀƳǇƭŜ ǎƛȊŜ όƳƳύ {ǘŀƴŘŀǊŘ 

/ƭŀȅ ǳƴƛǘǎ 

²!ψ/. {ƻƭƛŘ ōǊƛŎƪ с нмр Ҏ млн Ҏ ср ƳƳ 9b ттнπнм ώнлуϐ 

Lwψ/. {ƻƭƛŘ ōǊƛŎƪ с нмр Ҏ млн Ҏ ср ƳƳ 9b ттнπмм ώнлфϐ 

.¢ψ/. {ƻƭƛŘ ōǊƛŎƪ мн нмр Ҏ млн Ҏ ср ƳƳ π 

/¢ψ/. {ƻƭƛŘ ōǊƛŎƪ с нмр Ҏ млн Ҏ ср ƳƳ 9b ттнπм ώолϐ 

 

 Water absorption was determined using six full size specimens, following the 

guidelines outlined in EN 772-21 [208]. After drying of the bricks, they were subsequently 

ƛƳƳŜǊǎŜŘ ƛƴ ǿŀǘŜǊ ŦƻǊ ŀ ǇŜǊƛƻŘ ƻŦ нпҕлΦр ƘƻǳǊǎ όCƛƎΦ о6). The initial and post-immersion 

masses of each specimen were recorded, and the difference was calculated in order to 

quantify the amount of water absorbed during the immersion period. The final value 

expressed in percentage corresponds to the average of all six measurements and is 10.27% 

(13.8%) with coefficient of variation indicated in brackets. 

 

 
Figure 36: Full size units in submersion for water absorption measurements. 

 

 Also, the initial rate of absorption (IRA) was determined by testing six solid bricks, 

following the procedures described in EN 772-11 [209]. This involved immersing one face of 

ǘƘŜ ōǊƛŎƪǎ ƛƴ ǿŀǘŜǊ ǘƻ ŀ ǎǘŀƴŘŀǊŘ ŘŜǇǘƘ ƻŦ рҕм ƳƳ ŦƻǊ ƻƴŜ ƳƛƴǳǘŜ ŀƴŘ ǊŜŎƻǊŘƛƴƎ ǘƘŜ ŎƘŀƴƎŜǎ 

in mass before and after the immersion period. Finally, IRA is calculated as the mass 

difference, divided by the product of the exposed area of immersion and the time of the test. 

Average value of the IRA for selected material is 3.09 kg/(m2 min) (11.7%).  
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 Flexural strength was determined through three-point bending tests conducted on full 

units, considering similar testing procedures performed on mortars. A load-control test setup 

was utilized with a loading speed of 0.05 kN/s. Two loading directions were evaluated for 

applying the load perpendicular to the bed joints: one on the plain side and the other on the 

frogged side (Fig. 37a-b-c). In total, 12 bricks were tested, with 6 tested on each side. The 

distance between the support points was considered for the test equal to 180 mm. Naturally, 

calculating the flexural strength necessitated determining the inertial properties of the central 

cross-section and locating the neutral axis, which corresponds to the cross-section with a C 

shape. Average value of the flexural strength with load direction on the plain side ( f̀-Plain) 

showed value of 4.44 MPa (29.3%). The analogous value for the frogged side ( f̀-Frog) is 

3.93 MPa (39.2 %) (Table 6). The failure modes in both loading directions exhibited 

comparable patterns. Typically, cracks emerged within the central cross-section of the brick 

(Fig. 38a). In certain instances, crack initiation was irregular, commencing in the middle cross-

section and progressing asymmetrically from various sides of the bricks (Fig. 38b). Such 

irregularities might account for the heightened variability observed in the results. 

 
Table 6: Values of the flexural strength with load direction on the plain side (f̀-Plain) and frogged side (̀f-Frog). 

.ǊƛŎƪǎ Ŧ̀πtƭŀƛƴ ώatŀϐ ό/ƻ±ύ Ŧ̀πCǊƻƎ ώatŀϐ ό/ƻ±ύ 

/ƭŀȅ ǳƴƛǘǎ пΦпп όнфΦоύ оΦфо όофΦнύ 

 

 
Figure 37: Flexural tests on full unit samples with static scheme and dimension in mm on the plain side (a), on 

the frogged side (b) and example of the brick ready to be tested (on plain side) (c). 

 

 
Figure 38: Failed unit with regular surface (a) and failed sample with irregular development of cracks from the 

middle cross-section (b). 
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 The compressive strength of the bricks was assessed by conducting tests on six full 

units. Specifically, the clay units provided by the company were divided into frogged units and 

full units. Frogged units were exclusively used for constructing masonry, reserving the use of 

full units solely for evaluating the compressive strength of the batch at this stage. The same 

process would apply anyway to frogged units since their net loaded area is superior to 35%, 

therefore without predicting any cement capping of the frogs, as recommended by the 

standard EN 772-1 [30]. Tests on compressive strength were carried out in accordance with 

the relative standard [30] after a process of surface top and bottom rectification. The force of 

the specimen, perpendicular to bed-joint, was incrementally raised by means of a hydraulic 

ŀŎǘǳŀǘƻǊ ƛƴ ŘƛǎǇƭŀŎŜƳŜƴǘ ŎƻƴǘǊƻƭ ŀǘ ŀ ǊŀǘŜ ƻŦ р ˃ƳκǎΦ {ǳōǎŜǉǳŜƴǘƭȅΣ ǘƘŜ ƴƻǊƳŀƭƛȊŜŘ 

compressive strength of the bricks was determined using shape factors specified in the 

appendix of the EN 772-1 [30], taking into account the height-to-width ratio of each specimen. 

The axial deformation measurements are carried out with the use of a digital image 

correlation (DIC) system which involved the previous creation of a white and black dotted 

background. The camera was positioned at distance of 50 cm from the specimens  

(Fig. 39a-b). Knowing the deformations, a value of the elastic modulus is obtained considering 

the slope of the stress-strain curves, between 5% and 30% of the maximum peak compressive 

stress. The average normalized compressive strength was calculated using a mean shape 

factor of 0.75, as specified in Table A.1 of the relevant standard EN 772-1 [30], given the 

dimensions of tested bricks. This value corresponds to the product of the measured 

compressive strength and the shape factor. Additionally, Table 7 provides the corresponding 

values of the elastic modulus. 

 

 
Figure 39: Compressive tests on full units with static scheme and dimension in mm (a) and position of the 

sample in the testing machine DIC system (b). 

 
Table 7: Compressive elastic mechanical properties of masonry units. 

.ǊƛŎƪǎ 
/ƻƳǇǊŜǎǎƛǾŜ ǎǘǊŜƴƎǘƘ ώatŀϐ 

ό/ƻ±ύ 
bƻǊƳŀƭƛȊŜŘ ŎƻƳǇǊŜǎǎƛǾŜ 
ǎǘǊŜƴƎǘƘ ώatŀϐ ό/ƻ±ύ 

9ƭŀǎǝŎ ƳƻŘǳƭǳǎ 
ώatŀϐ ό/ƻ±ύ 

/ƭŀȅ ǳƴƛǘǎ нпΦсн όпΦоύ муΦпп όпΦуύ тлурΦт όнлΦнύ 

 

 Regarding the failure modes, the cracks started to develop in direction parallel to the 

load application. At peak load, failure showed typical lateral expulsion of the material 

(Fig. 40a), resulting with the further progressive loads to the complete disgregation of the 

sample (Fig. 40b).  
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Figure 40: Expulsion of material in correspondence of the peak load (a) and top view of failed brick not able to 

sustain more vertical loads (b). 

 

 A comprehensive review of all experimental results related to the calculation methods 

for flexural and compressive strength as well as for the physical properties of bricks is provided 

in the Appendix, with reference to Section 8.1.  
 

3.2 Supplementary materials tests ς mortars 
 

 Two mixed cement-air lime mortars are selected to prepare the bedding masonry 

samples, incorporating air lime CL90-S [210] and Portland cement CEM II/B-L 32.5 R [211]. 

Siliceous sand with a grading of 0/2 mm was selected as the aggregate for these mixtures 

(Fig. 41). The experimental campaign, encompassing specifics of testing setups, procedures, 

and sample curing, is comprehensively outlined in the original contribution by Zagaroli et al. 

[212], and is briefly recalled here. 

 

 
Figure 41: Adopted sand granulometry from Zagaroli et al. [212]. 

 

 The mortar mixes, denoted as MIX-1 and MIX-2, have volumetric ratios of cement, 

lime, and sand at 1:1:6 and 1:2:9, considering the popularity of these mix proportions for 

bedding mortars. Table 8 provides the masses of the constituents based on the volumetric 

proportions and bulk densities of the constituents. The water-to-binder ratio was adjusted 

through the flow table test EN1015-3 [213] to ensure the workability of these mortars, 



 
50 

 

ƳŀƛƴǘŀƛƴƛƴƎ ŀ ǎƭǳƳǇ ǿƛǘƘƛƴ ǘƘŜ ǊŀƴƎŜ ƻŦ мтрҕмл ƳƳ ŦƻǊ ōƻǘƘ ƳƛȄŜǎΦ ¢ƘŜ ŀƴŀƭȅǎƛǎ ǿŀǎ 

conducted in the same sequence as that employed for bricks, starting with the assessment of 

physical characteristics and then proceeding to investigate mechanical properties.  

 
Table 8: Mortar mix compositions of mixed cement-lime mortars [212]. 

aƛȄŜǎ /ƻƳǇƻǎƛǝƻƴ ό/ŜƳŜƴǘΥ!ƛǊπ
ƭƛƳŜΥ{ŀƴŘύ ōȅ ǾƻƭǳƳŜ 

/ŜƳŜƴǘ ώƎϐ !ƛǊ ƭƛƳŜ ώƎϐ {ŀƴŘ ώƎϐ 
²ŀǘŜǊκ.ƛƴŘŜǊ όōȅ 

Ƴŀǎǎύ 

aL·πм όмΥмΥсύ мро ту морл лΦфн 
aL·πн όмΥнΥфύ млн млп морл мΦлп 

 

Similarly, to the brick protocol, Table 9 provides an overview of the tests conducted on 

mortars, with each test series distinguished by a unique code. The first part of the code 

indicates the type of test:  

¶ BT - for prism specimens subjected to three-point bending tests,  

¶ CT - for half prisms subjected to a compression test,  

¶ CCT - for cylindrical specimens subjected to compression tests,  

¶ SCT - for cylindrical specimens subjected to a Brazilian splitting tests, and  

¶ FT - for beams used to determine fracture energy.  

The second code number recalls the volume proportions of the mortars i.e. ά116έ for MIX-1 

and ά129έ for MIX-2. 

 
Table 9: Testing protocol with dimension specifications. Adapted from Zagaroli et al. [212]. 

aƛȄŜǎ 
¢ŜǎǝƴƎ 
{ŜǊƛŜǎ 

{ŀƳǇƭŜ ǎƘŀǇŜ 
όƳƳύ 

bǳƳōŜǊ ƻŦ ǎŀƳǇƭŜǎ {ŀƳǇƭŜ ǎƛȊŜ όƳƳύ 

aL·πм 
όмΥмΥсύ 

 
 
 
 

aL·πн  
όмΥнΥфύ 

.¢ψммс tǊƛǎƳǎ  с пл ³ пл ³ мсл ƳƳ 

/¢ψммс IŀƭŦ ǇǊƛǎƳǎ с пл ³ пл ³ Ϥул ƳƳ 

//¢ψммс /ȅƭƛƴŘŜǊǎ  т сл ³ мнл ƳƳ 

{/¢ψммс /ȅƭƛƴŘŜǊǎ  р сл ³ мнл ƳƳ 

C¢ψммс .ŜŀƳǎ  р млл Ҏ млл Ҏ рлл ƳƳ 

.¢ψмнф {Ƴŀƭƭ ōŜŀƳǎ  с пл ³ пл ³ мсл ƳƳ 

/¢ψмнф IŀƭŦ ǇǊƛǎƳǎ с пл ³ пл ³ Ϥул ƳƳ 

//¢ψмнф /ȅƭƛƴŘŜǊǎ  с сл ³ мнл ƳƳ 

{/¢ψмнф /ȅƭƛƴŘŜǊǎ  р сл ³ мнл ƳƳ 

C¢ψмнф .ŜŀƳǎ  с млл Ҏ млл Ҏ рлл ƳƳ 

 

 Mortar curing conditions are the ones specified in European standard EN 1015-11 [53]. 

All specimens were ƪŜǇǘ ŀǘ ǎǘŀōƭŜ ǘŜƳǇŜǊŀǘǳǊŜ ƻŦ нлҕнɕ/ ŀƴŘ ƘǳƳƛŘƛǘȅ ŎƻƴŘƛǘƛƻƴǎ ƻŦ ср҈ҕр҈ 

ŦƻǊ нм Řŀȅǎ ŀŦǘŜǊ ǇǊŜǾƛƻǳǎ т Řŀȅǎ ƻŦ ŎǳǊƛƴƎ ƛƴ ǇƻƭȅŜǘƘȅƭŜƴŜ ōŀƎǎΦ hƴƭȅ ǘƘŜ ōŜŀƳǎ όмлл Ҏ млл Ҏ 

500 mm) for fracture energy evaluation were kept in the climatic chamber for 75 days before 

testing. 

 First, three points bending tests on BT_116 and BT_129 were carried out on standard 

ǇǊƛǎƳǎ όпл Ҏ пл Ҏ мсл ƳƳύΣ ƛƴ ŀŎŎƻǊŘŀƴŎŜ ǿƛǘƘ 9b млмр-11 [53]. The static scheme is the same 

used for brick samples with a distance between the supports, standardized at 100 mm 

(Fig. 42a-b). A load control test set-up was used with load speed of 0.05 kN/s. The half prisms 

obtained from the previous tests, CT_116 and CT_129, are subjected to axial compression 

using the same load rate. Fig. 43a presents the static diagram featuring dimensions of the 
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compressed halve, while Fig. 43b showcases a representative sample positioned in the 

machine. Average values of the flexural and compressive strength with relative coefficients of 

variation are given in Table 10. Regarding the failure modes, no differences between the two 

mortars were evidenced. During the three-point bending test, cracks formed primarily in the 

middle cross-section of the prisms (Fig 44a-c), whereas half-prisms failing under compression 

demonstrated a conical failure pattern, with material expulsion from the lateral surfaces 

(Fig. 44b-d).  

 
Figure 42: Static scheme of three-point bending test EN 1015-11 [53] with dimensions in mm (a) and example 

of the prims ready to be tested (b). From Zagaroli et al. [212]. 

 

 
Figure 43: Compression tests conducted on samples of half prism, displaying the static scheme (a), and view of 

the relative sample positioned within the testing apparatus (b). From Zagaroli et al. [212]. 

 

 
Figure 44: Failed sample from 3-point bending test for MIX-1 (a) and for MIX-2 (c). Failed samples from 

compressive test for MIX-1 (b) and MIX-2 (d). From Zagaroli et al. [212]. 
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Table 10: Flexural and compressive strength results for EN 1015-11 [53] test. From Zagaroli et al. [212]. 

aƛȄŜǎ  
CƭŜȄǳǊŀƭ ǎǘǊŜƴƎǘƘ 
ώatŀϐ ό/ƻ±҈ύ 

/ƻƳǇǊŜǎǎƛǾŜ ǎǘǊŜƴƎǘƘ 
ώatŀϐ ό/ƻ±҈ύ 

aL·πм όмΥмΥсύ нΦнм όмсΦнύ тΦфм όмоΦмύ 
aL·πн όмΥнΥфύ мΦно όммΦн҈ύ пΦмс όтΦсύ 

 

 Additionally, compressive tests were conducted on cylindrical specimens measuring 

60 mm in diameter and 120 mm in height. The test adhered to the guidelines outlined in 

EN 12390-13 [214] for pre-peak behavior but extended until the sample experienced 

complete failure. In this case, a test arrangement working in displacement control was 

employed with a loading rate of 0.05 mm/s. Measurements of vertical and lateral deformation 

on the samples were carried out using 4 strain gauges directly attached to the lateral surfaces 

of the samples. This enabled the assessment of Poisson's ratio  ˄as the ratio of horizontal and 

axial strain within the elastic range.  

This range was defined at the same way for the calculation of the Elastic modulus Ec, utilizing 

a secant value of stress and strain between 30% and 50% of the peak values. Being the test 

carried out till complete failure of the sample, it was possible to calculate a conventional value 

of the ductility .˃ There is no available standard information regarding the definition of 

material ductility for mortars. Therefore, a criterion based on equal areas under the stress-

strain curves is considered, similar to the approach used for determining the displacement 

ductility at structural level. This ductility is specifically obtained through an elastic-plastic 

bilinearization of the stress-strain relationship for each mix. The adopted bilinearization 

entails fixing a secant stiffness at 0.75 of the peak compressive strength fcc, the peak 

compressive strength and determining the ultimate deformation by ensuring equal area under 

the bilinear curve and relative experimental stress-strain, for each stress-strain.  

Table 11 showcases the results for all the mixes. Axial and transversal stress-strain 

relationships for both mixes are given in Fig. 45a-b for MIX-1 and Fig. 46a-b for MIX-2, while 

ǊŜƭŀǘƛƻƴǎƘƛǇǎ ƻŦ tƻƛǎǎƻƴΩǎ Ǌŀǘƛƻ ǿƛǘƘ ƛƴŎǊŜŀǎƛƴƎ ŎƻƳǇǊŜǎǎƛǾŜ ƭƻŀŘ ƛǎ ǎƘƻǿƴ ƛƴ CƛƎΦ п7a-b for 

both mixes. In terms of failure modes observed in compressed cylinders, both mixes typically 

displayed three types: conical failure, shear-tensile cracks extending throughout the entire 

height of the sample, and a combination of these, rendering the sample unable to support 

vertical loads any further (Fig. 48a-b). 
 

Table 11: Cylindrical compressive test results for both mixes. From Zagaroli et al. [210]. 

aƛȄŜǎ 
ŦŎŎ ώatŀϐ 
ό/ƻ±҈ύ 

9Ŏ ώatŀϐ ό/ƻ±҈ύ ˄ ώπϐ ό/ƻ±҈ύ ˃ ώπϐ ό/ƻ±҈ύ 

aL·πм όмΥмΥсύ оΦуф όфΦсύ  тмууΦпф όрΦмύ лΦмр όмфΦнύ оΦлн όммΦсύ 
aL·πн όмΥнΥфύ мΦут όтΦтύ рлтуΦмн όнΦоύ лΦмф όорΦнύ пΦлр όнΦмύ 
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Figure 45: Axial stress ς transversal strain (a) and axial strain (b) for MIX-1. From Zagaroli et al. [212]. 

 
Figure 46: Axial stress ς transversal strain (a) and axial strain (b) for MIX-2. From Zagaroli et al. [212]. 

 

 
Figure 47: Axial stress ς tƻƛǎǎƻƴΩǎ Ǌŀǘƛƻ ŦƻǊ aL·-1 (a) and MIX-2 (b). 
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Figure 48: Failure modes evidenced for cylinders in compression: tensile cracks (a) and conical expulsion from 

the lateral surfaces (b). From Zagaroli et al. [212]. 

 

 Splitting compressive tests on series SCT_116 and SCT_129, consisting in cylinders with 

the same dimensions of the ones used for compression were carried out in line with 

ASTM C 496 [215] for concrete. This test was performed adopting a displacement-control test 

set-up with load rate of 0.01 mm/s pushing the load on the lateral surface of the sample by 

means of a plate steel bar (Fig. 49a-b). Measurements of the tensile strength and vertical 

displacement during the tests are plotted for both mortar mixes (Fig. 50a-b). Vales of the 

average peak splitting tensile strength are given in Table 12. Failure modes did not show any 

specific feature beyond the separation of the samples in two parts with no distinctions for the 

two mixes (Fig. 51). 
 

 
Figure 49: Scheme of the splitting tensile strength test (a) and typical sample ready to be tested in the test set 

up (b). From Zagaroli et al. [212]. 

 
Table 12: Average peak tensile splitting strength for both mixes. 

aƛȄŜǎ 
{ǇƭƛǩƴƎ ǘŜƴǎƛƭŜ ǎǘǊŜƴƎǘƘ 

ώatŀϐ ό/ƻ±҈ύ 

aL·πм όмΥмΥсύ лΦпс όмфΦмύ  
aL·πн όмΥнΥфύ лΦно όммΦлύ 
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Figure 50: Tensile strength ς vertical displacement relationships for MIX-1 (a) MIX-2 (b). From Zagaroli et al. 

[212]. 

 

 
Figure 51: Typical failed sample after splitting load for both mortars. Adapted from Zagaroli et al. [212]. 

 

 A detailed summary of all experimental results concerning standard flexural, 

compressive, and splitting tensile strength tests on mortar prisms is presented in the 

Appendix, as referenced in Section 8.2. 

 Finally, for the fracture energy tests on series FT_116 and FT_129, the standards RILEM 

FMC-50 [216] and JCI-S-001 [217] both based on three points bending tests, are applied. The 

main standard differences are related to the measurements of the deflection for the first and 

crack mouth opening displacement (CMOD) for the second standard in the formulation for 

ŜǾŀƭǳŀǘƛƴƎ ǘƘŜ ŦǊŀŎǘǳǊŜ ŜƴŜǊƎȅΦ {ǇŜŎƛŦƛŎŀƭƭȅΣ ƴƻǘŎƘŜŘ ōŜŀƳǎ ƳŜŀǎǳǊƛƴƎ млл Ҏ млл Ҏ рлл ƳƳ 

where used. The notch dimensions are 5 mm in thickness and 30 mm in depth, with the depth 

ŎƘƻǎŜƴ ōŀǎŜŘ ƻƴ IƛƭƭŜǊōƻǊƎΩǎ ǊŜŎƻƳƳŜƴŘŀǘƛƻƴ ώн18], which suggests using a notch with 

dimensions ranging from 0.3 to 0.4 of the beam's depth. The load was applied in displacement 

control by means of a load actuator with maximum capacity of 5kN at a displacement speed 

of 0.1mm/min. Static scheme with test set-up details with measurements of both mid-

deflection and CMOD were carried out with LVDTs (Fig. 52a-b). Load-deflection and load-

CMOD curves are plotted in Fig. 53a-b for MIX-1 and in Fig. 54a-b for MIX-2.  

Table 13 shows the values of the fracture energy evaluated according to RILEM FMC-50 [216] 

Gf-  ɻand JCI-S-001 [217] Gf-CMOD. The failure modes observed in the beams resembled those 

seen in standard prisms tested according to EN 1015-11 [53], with no distinction between the 
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two mixes. Occasionally, fracture development across the mid-span of the beam exhibited 

irregularities (Fig. 55). 

 

 
Figure 52: Test set-up for fracture energy evaluation (a) and sample specifics with dimensions in mm (b). From 

Zagaroli et al. [212]. 

 
Table 13: Fracture energy results according two different approaches for both mixes. From Zagaroli et al. [212]. 

aƛȄŜǎ  
DŦπɻ  ώbκƳϐ 
ό/ƻ±҈ύ 

DŦπ/ah5 ώbκƳϐ 
ό/ƻ±҈ύ 

aL·πм όмΥмΥсύ оуΦст όнуΦсύ  нрΦфу όуΦлύ 
aL·πн όмΥнΥфύ мтΦмм όннΦуύ ммΦсф όнпΦрύ 

 

 
Figure 53: Load-deflection (a) and CMOD (b) for MIX-1. From Zagaroli et al. [212]. 

 

 
Figure 54: Load-deflection (a) and CMOD (b) for MIX-2. From Zagaroli et al. [212]. 
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Figure 55: Typical failed sample after splitting load. Adapted from Zagaroli et al. [212]. 

 

3.3 Masonry behavior tests 
 

 For small masonry specimens, several tests are conducted to assess compressive 

strength, and diagonal tensile behavior. The tags for the testing series are as follows:  

¶ CT - for compressive tests,  

¶ ST - for shear triplet tests, and  

¶ DCT - for diagonal compression tests. 

Test programme and specification of the samples are presented in Table 14. Regarding the 

curing condition of the masonry, no specific treatment was applied; the samples were simply 

kept under standard laboratory conditions. These tests were performed using the mortar 

types MIX-1 and MIX-2 previously characterized, along with clay units that were prewetted 

before use. Determining the appropriate prewetting time for clay units remains a topic of 

debate in the scientific community, as this duration should be adjusted based on both the 

initial rate of absorption of the bricks and the water-retention properties of the mixtures. As 

per the British standard BS 4551 [219], water retentivity is defined as the capacity of fresh 

mortar to retain water when in contact with absorbent masonry units. This property is critical 

because water loss can hinder the proper curing of the mortar. In literature, Sahu et al. [220] 

have demonstrated that prewetting has a positive impact on the mechanical properties of 

masonry. However, using saturated bricks for masonry bricklaying can reduce the shear bond 

ǎǘǊŜƴƎǘƘ ƻŦ ǘǊƛǇƭŜǘǎΦ .ǊƛŎŜƷƻ Ŝǘ ŀƭΦ ώн21] recently identified an optimal solution by 

demonstrating that immersion for 30 minutes yielded the best shear bond properties for 

masonry triplets, regardless of several brick-mortar combinations studied. In this research, 

the indication from American standard ASTM C67 [222] where it is suggested to pre-wet clay 

units with initial rate of absorption superior to 1.6 kg/(m2 min). This value was then considered 

as a limit and we adopted a time to submersion in order to decrease the initial rate of 

absorption of that limit. This resulted to be a time of approximately 1 minute. 
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Table 14: Test samples and series for small masonry assemblage. 

.ǊƛŎƪǎ aƛȄŜǎ 
¢ŜǎǝƴƎ 
{ŜǊƛŜǎ 

{ŀƳǇƭŜ ǎƘŀǇŜ 
όƳƳύ 

bǳƳōŜǊ ƻŦ 
ǎŀƳǇƭŜǎ 

{ŀƳǇƭŜ ǎƛȊŜ όƳƳύ 

/ƭŀȅ 
ōǊƛŎƪǎ 

aL·πм 
όмΥмΥсύ 

 
 

aL·πн 
όмΥнΥфύ 

{¢ψммс ¢ǊƛǇƭŜǘǎ  ф нмф ³ нмр ³ млн ƳƳ 

/¢ψммс ²ŀƭƭŜǧŜǎ с ппн ³ рнт ³ млн ƳƳ 

5/¢ψммс ²ŀƭƭŜǧŜǎ о уфс ³ уор ³ млн ƳƳ 

/ƭŀȅ 
ōǊƛŎƪǎ 

{¢ψмнф ¢ǊƛǇƭŜǘǎ ф нмф ³ нмр ³ млн ƳƳ 

/¢ψмнф ²ŀƭƭŜǧŜǎ с ппн ³ рнт ³ млн ƳƳ 

5/¢ψмнф ²ŀƭƭŜǧŜǎ о уфс ³ уор ³ млн ƳƳ 

 

3.2.1 Shear triplet tests 

 

 Shear triplet tests (Fig. 56a) were conducted in accordance with EN 1052-3 [93] to 

assess internal friction and cohesion. These tests involved three distinct levels of pre-

compression, corresponding to 0.2 MPa, 0.6 MPa, and 1.0 MPa, performed on a total of nine 

specimens. Throughout the test, a hydraulic pump was employed to apply and maintain the 

pre-compression at selected constant level. Then, a vertical actuator controlled the vertical 

shear load on the specimens with a loading rate of 0.15 kN/s. In order to measure 

displacements, two linear variable displacement transducers (LVDTs) were utilized on the 

same side of the specimens (Fig. 56b) and average relative displacements was calculated for 

each sample. Different failure modes were evidenced between triplets made of mortar MIX-1 

and MIX-2. Triplets made of mortar containing more air lime showed principally failure modes 

with cracks in the unit/mortar bond area either on one or divided between two unit faces 

(described in the Appendix of the relative standard EN 1052-3 [93] as for failure type A.1-A.2). 

Triplet specimens constructed with mortar containing a lower lime content also exhibited 

failure by unit crushing and splitting, corresponding to failure mode A.4 as described in the 

Appendix of EN 1052-3 [93], particularly under high pre-compression levels P.  

 

 
Figure 56: Static scheme for the shear triplet test (a) and typical triplet ready to be tested (b). 

 

 Relationships between vertical load applied and relative vertical displacements for 

both mixes are plotted in Fig. 57a-b. The ultimate displacement being considered corresponds 

to the complete loss of vertical strength, even if the accuracy of load control setups after the 

post-peak softening behavior is not precise. Elevated levels of pre-compression lead to 

a higher vertical shear load. Moreover, test results reveal that the average shear strength of 
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triplets with mortar MIX-2, tested with the lowest level of pre-compression, is lower than that 

of triplets made of mortar MIX-1 with the equivalent level of pre-compression, as expected. 

 

 
Figure 57: Vertical load F and vertical relative displacement for different level of pre-compression p of triplets 

made of mortar MIX-1 (a) and MIX-2 (b). 

 

 This difference anyway is going to reduce by increasing level of vertical loads, showing 

a contrary trend for the highest level of pre-compression. This could be attributed to the 

variations in failure modes observed during testing, wherein failed samples made of mortar 

MIX-1 consistently exhibit shear cracks in the unit/mortar bond area (Fig. 58a), whereas 

triplets made of mortar MIX-2 display crushing and splitting failure of the units (Fig. 58b). In 

the last case, the coefficient of variation is also higher compared triplets of MIX-1 mortar. 

Values of the shear stress for each test together of the average values of the shear stresses 

associated with the different pre-compressive levels are given in Table 15. 

 
Table 15: Shear stresses ς normal pre-compression stress of masonry triplets. 

.ǊƛŎƪ aƛȄŜǎ 
tǊŜπŎƻƳǇǊŜǎǎƛƻƴ 

ώatŀϐ 
{ƘŜŀǊ ǎǘǊŜǎǎ 
ώatŀϐ 

{ƘŜŀǊ ǎǘǊŜǎǎ 
ώatŀϐ ό/ƻ± ҈ύ 

/ƭŀȅ ōǊƛŎƪǎ 
 

aL·πм  
όмΥмΥ сύ  

лΦн 

лΦфу 

лΦфо όрΦнύ лΦуу 

лΦфр 

лΦс 

мΦоп 

мΦор όрΦмύ мΦпо 

мΦну 

мΦл 

мΦрп 

мΦрр όнΦлύ мΦрт 

мΦрн 

/ƭŀȅ ōǊƛŎƪǎ 
aL·πн 
όмΥнΥфύ  

лΦн 

лΦтр 

лΦтн όмлΦсύ лΦто 

лΦтт 

лΦс 

мΦнн 

мΦнф όпΦтύ мΦом 

мΦоп 

мΦл 

мΦпн 

мΦрф όфΦоύ мΦср 

мΦт 
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Figure 58: Typical failure mode for triplets made of mortar MIX-1 in correspondence of the highest level of p 

for mortar MIX-1 with failure at the interface mortar-brick (Type A.1) (a) and MIX-2 with shear failure along the 
brick (Type A.4) (b). 

 

3.2.2 Compressive tests 

 

 Compressive strength tests were conducted on six wall samples according to  

EN 1052-1 [97] standard. To comply with the European standard test protocol, a vertical load 

was applied at a displacement rate of 0.005 mm/s, controlled by a vertical actuator with 

maximum capacity of 1000 kN, thereby ensuring that failure occurred within 15 to 30 minutes. 

During this test, vertical and horizontal deformations were measured using four LVDTs 

positioned on both sides of the panels. The lengths of the vertical measuring bases were 175 

mm, while the length of the horizontal ones were 221 mm. Geometry and measurement 

positions are given in figure Fig. 59a-b. 

 

 
Figure 59: Dimensions of the chosen wallettes for masonry compressive testing align with the specifications 

outlined in EN 1052-1 [97] (a) and typical sample in the machine ready to be tested (b). 

 

 Results in terms of axial stress-strain for both mixes are given in Fig. 60a-b.  

Experimental results revealed a peak compressive strength fc of 8.40 MPa when testing 

masonry made of MIX-1 and 6.98 MPa for MIX-2, respectively. Elastic modulus Ec of the 
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wallettes was also calculated considering the stress and axial deformations corresponding to 

the range of one third of the peak compressive strength, as suggested by the relative standard. 

±ŀƭǳŜǎ ƻŦ ǘƘŜ ŘǳŎǘƛƭƛǘȅ ˃ ƛǎ ŀƭǎƻ ŎŀƭŎǳƭŀǘŜŘΣ ŎƻƴǎƛŘŜǊƛƴƎ ǘƘŜ ǎŀƳŜ ōƛƭƛƴearization process used 

for mortar samples, accounting for the post-peak behavior of the samples. As expected, 

ductility and elastic modulus increases and decreases respectively for masonry made with the 

mixes containing a superior lime quantity. All the mechanical parameters analyzed are given 

in Table 16.  

 
Figure 60: Experimental results in terms of compressive axial stress and strain for masonry made of MIX-1 (a) 

and MIX-2 (b). Different color for each test performed. 

 
Table 16: Mechanical parameters of masonry tested in compression. Adapted from [223]. 

.ǊƛŎƪǎ aƛȄŜǎ 
ŦŎ ώatŀϐ 
ό/ƻ±҈ύ 

9Ŏ ώatŀϐ ό/ƻ±҈ύ ˃ ώπϐ ό/ƻ±҈ύ 

/ƭŀȅ ōǊƛŎƪǎ 
aL·πм όмΥмΥсύ уΦпл όмрΦфύ нрлмΦл όммΦсύ мΦнф όоΦсύ 
aL·πн όмΥнΥфύ сΦфу όоΦуύ нмссΦф όнсΦсύ мΦрл όпΦнύ 

 

The crack patterns identified in various samples indicate that masonry constructed with 

mortar MIX-1 (116) and MIX-2 (129) did not exhibit any significant distinctions, with 

deformation initiating at the edge of the specimen before spreading towards the center of the 

panels. This crack development involved both bricks and head joints (Fig. 61a-b). A comparison 

of the experimental response of stack bonded prisms and wallettes made with the same 

material are given in literature [223].  

 
Figure 61: Crack development for masonry made of mortar MIX-1 (a) and MIX-2 (b). Cracks evidenced with red 

lines. Adapted from [223]. 
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 The Appendix, specifically Section 8.3, presents a detailed overview of the 

experimental results related to the compressive behavior of masonry wallettes. 
 

3.2.3 Diagonal compression tests 

 

 The diagonal shear capacity of masonry elements was assessed for determining 

masonry tensile properties in case of cracks agreed with the principal stress axis (diagonal 

direction) in accordance with RILEM [112] regulations. The analysis included the examination 

of three specimens for each investigated solution, associated here with two codes:  MIX-

1_DCT_x and MIX-2_DCT_x, where x ranges from 1 to 3 for each sample. Notably, MIX-1 and 

MIX-2 denote the two types of mixes previously defined.  

Tests were conducted utilizing a load hydraulic jack with a maximum load capacity of 

1000 kN. The load control setup operated at load speeds of 0.5 kN/s and 0.1 kN/s for masonry 

made of mortar MIX-1 and MIX-2, respectively. Load differences were adjusted based on the 

differences of expected strength of different masonry. The load was applied by means of steel 

loading shoes placed at the corner of the specimens with a proper design in order to avoid 

concentration of loads and local failure at the corners. The rigid connection between the wall 

and the steel shoes by the application of fast-setting cement mortar on the top and bottom 

of the walls and additional wood plate elements between the steel shoes and the walls. 

Selected dimensions for the wallettes and test set up details are given in Fig. 62a-b. 

 Two distinct measuring systems were employed on the two sides of the walls. On one 

side, displacements along the diagonals were measured using two linear variable 

displacement transducers (LVDTs) placed at a relative base distance of 900 mm. On the other 

side, a digital image correlation (DIC) system was employed to obtain a more detailed view of 

the crack patterns during the tests. In this case, the DIC system was specifically monitoring the 

relative displacements of the same points of the ones of the LVDTs but on the opposite side 

of the walls. At the same way of the bricks, the use of DIC required a surface treatment, which 

involved first creating a white background on which black dotted paint was randomly applied 

using a trowel. The camera was positioned at distance of 1.5 m from the walls. Both 

measurement systems are shown in Fig. 63a-b. 

 
Figure 62: Dimensions of wallettes for diagonal compressive tests (a) and typical wallettes in the set-up before 

the tests (b). 

 



 
63 

 

 
Figure 63: Configuration of the LVDT system: (a) Horizontal (H) and vertical (V) LVDTs showing the 
corresponding elƻƴƎŀǘƛƻƴ όɲIύ ŀƴŘ ǎƘƻǊǘŜƴƛƴƎ όɲ±ύΤ (b) Setup of the DIC (Digital Image Correlation) 

measurement system. 

 

 The differences in the relative distances of the measurement points along the 

horizontal (H) and vertical (V) diagonals from the two systems, corresponding to the two 

different faces of the walls, were averaged. These averages were then used to calculate 

horizontal ʁ h, vertical ʁ v, and angular shear ɹ deformations relative to each wall. However, 

during the tests, minor variations between these measurement systems were observed, with 

sometimes more pronounced differences in the vertical relative displacements. In the 

following Fig. 64a-b and 65a-b, examples of different measurements highlighted during the 

tests for both mixes are shown.  
 

 
Figure 64: Minor differences between LVDT measurements on one side of the wall and DIC measurements on 
the other side for wall MIX-1_DCT_1 (a), while pronounced differences in vertical displacements observed for 

wall MIX-1_DCT_2 (b). 
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Figure 65: Pronounced differences between vertical LVDT measurements on one side of the wall and DIC 

measurements on the other side for wall MIX-2_DCT_1 (a), while minor differences in vertical and horizontal 
displacements observed for wall MIX-2_DCT_2 (b). 

 

 Table 17 shows the results of the mechanical properties at peak load in terms of shear 

and deformation properties from eq. (17-22) for all the samples. Furthermore, the shear 

stiffness from this test, GDCT is determined by considering a range of shear stress ( )̱ to shear 

deformation ( )ɹ, spanning from 10% to 40% of the peak values. Considering the load control 

test set up, a pre-peak ductility ˃ DCT factor is then calculated as the ratio of the shear 

deformation at peak ( pɹeak) and 70% ( 7ɹ0%) of shear stress in the monotonic branch.  
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 Where p̱eak and Ppeak are the peak shear stress and peak diagonal load applied 

respectively. An is the net cross section of the wallettes, determined as the average of its width 
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and height multiplied by its thickness. ʁ v and ʁ h are the axial deformations of the vertical and 

horizontal LVDT on masonry panel, defined as the ratio of the ɲ± diagonal vertical shortening 

and ɲI diagonal horizontal elongation, divided for the length of the gauge LLVDT, equal for both 

directions, in this case. 4̱0% and 4ɹ0% are the shear stress and shear deformation in 

correspondence of the 40% of peak load. ̱10% ŀƴŘ ʴ10% are the shear stress and shear 

deformation in correspondence of the 10% of peak load. Although no specific 

recommendations are currently available for the determination of shear stiffness, several 

Authors [224-225] proposes to calculate this value in this range as reasonably corresponding 

to a linear segment. Fig. 66a-b illustrates the relationship between shear stress and shear 

deformation for both mortar mixes. Within these plots, a clear linear range can be observed 

in the shear stress-strain behavior for the evaluation of the shear modulus. 

 

 
Figure 66: Experimental shear stress - shear strain relationships for masonry made of mortar MIX-1 (a) and 

MIX-2 (b). 

 

 Results from the tests, in terms of failure mode, are presented in Fig. 67a-b. For both 

types of unreinforced masonry elements constructed with different mortar compositions, the 

cracks predominantly developed along the vertical diagonal, exhibiting a stepped failure 

pattern. This cracking behavior involved both the mortar bed-head joints and the brick units, 

highlighting the composite nature of the failure mechanism. In these cases, the walls exhibited 

a distinctly brittle failure mode, characterized by an abrupt loss of load-carrying capacity and 

sudden collapse. 

 
Table 17: Mechanical parameters of masonry wallettes tested in diagonal compression. 

 

 

{ŀƳǇƭŜǎ 
tǇŜŀƪ 
ώƪbϐ 

Ǉ̱Ŝŀƪ 
ώatŀϐ 

Ǿʁ ώπϐ Ƙʁ ώπϐ ʴ ώπϐ 
D5/¢ 
ώatŀϐ 

5˃/¢ ώπϐ 

aL·πмψ5/¢ψм ттΦму лΦсн πлΦлллуп лΦлллот лΦллмн фунΦфл нΦру 
aL·πмψ5/¢ψн урΦот лΦсу πлΦлллсп лΦлллпт лΦллмм мпннΦно нΦту 
aL·πмψ5/¢ψо фоΦфп лΦтр πлΦлллсп лΦлллон лΦлллфр мофнΦлп нΦмо 

aL·πнψ5/¢ψм спΦфн лΦрн πлΦлллпт лΦлллнп лΦлллтм мрслΦнл нΦнт 
aL·πнψ5/¢ψн снΦот лΦрл πлΦлллрр лΦлллол лΦлллур мнфоΦпт нΦпн 
aL·πнψ5/¢ψо срΦсу лΦрн πлΦлллот лΦлллос лΦлллто мплтΦсл оΦлр 
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Figure 67: Failure mode of masonry specimens made of mortar type MIX-1 (116) (a) and made of mortar type 

MIX-2 (129) (b). 

 

3.3 Large scale tests 
 

 This section describes the test setups and main experimental outcomes from masonry 

testing of large-scale elements, highlighting the methodologies used and the key findings 

obtained. It aims to provide a comprehensive understanding of the testing procedures and 

the resulting data, offering insights into the behavior and performance of masonry under two 

conditions. The first relates to the vertical shear behavior of masonry walls supported by 

deflecting members when subjected to increasing vertical loads. The second is associated to 

the lateral shear behavior of masonry under cyclic loads. As for the previous tests, two 

masonry types are analyzed resulting from the two mortar types used.  
 

3.3.1 URM walls under static vertical shearing 

 In this study, the vertical deformative behavior of masonry walls is examined using a 

simplified test setup designed to replicate the in-plane flexural behavior of masonry. This 

approach is similar to the tests conducted on the vertical response of deep concrete beam 

deflection, where testing literature is wider [226]. Masonry walls, constructed with the two 

previously described mortars and measuring approximately 1800 x 1300 mm, are considered 

for testing (Fig. 68). The primary focus, beyond the differences in materials, is also on the load 

application method and the static scheme. Specifically, the vertical load is applied at two 

distinct points, as shown in Fig. 69. In addition to the increasing actuator-induced vertical load 

P, the self-weight of the wall (app. 4 kN) and the instrumentation components, such as the 

load distribution beam (app. 1 kN), also act on the supports during the loading stages.  

 As a result, two walls are tested for each material type, using the same terminology as 

in the previous tests: VS_x_s, where x represents the material type (116 or 129 for the two 

mixes MIX-1 and MIX-2, respectively) and s indicates the load application distance, which can 

be either s = 600 mm or 350 mm. These walls are built on a thin steel beam with a thickness 
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of 20 mm and then positioned on two supports, allowing for vertical deformation with 

increasing vertical load applications. The load is precisely applied in load control at a load 

speed of 1 kN/s, utilizing an actuator with a maximum capacity of 1000 kN. Additionally, this 

increasing load is applied at the top of the wall through two steel plates, each with a thickness 

of 20 mm, positioned at two concentrated points. Test set up is shown in Fig. 70 and a review 

of the tests is given in Table 18. 

 

 
Figure 68: Dimensions (mm) of the walls subjected the in plane vertical loads. 

 

 
Figure 69: Static diagram showing the shear force distribution and load application method, where P 

represents the increasing vertical load applied by the actuator, and Pg corresponds to the load due to the self-
weight of the wall and testing instrumentation. 
































































































































































