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CHAPTER-INTRODUCTION

1.1Background and motivation

The building construction industry is currently facing significant challenges related to
the environmental impact of buildings and its consequences omdru 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, regufgtdodies, 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 t
issue, being responsible for approximately2: 2 ¥ It 201t [/ hi SYraarzy
clinker, the main component of cement, is particularly energgnsive and carbointensive
[1]. Consequently, reducing reliance on Portland cement and firadteghative, lowercarbon
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 cortdtom offers
apromising 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 compdiy, durability, and cultural
heritage preservation. The partial substitution of cement with air Hoased mortars and
plasters in new masonry constructions, as well as in the renovation of heritage structures,
could represent an effective strategy faeducing 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, adaptabilityand longterm performance. However, they were gradually replaced
08 t2NIfFyR OSYSyd Y2NIIlINERZ YIlIAyfe RdzS G2 GK
strength. Moreover, the incorporation of lime into cementitious binders was found to reduce
the overall mechanical strength of the mix, as discussed in several stuedgs [2

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 freezbaw cycles, improved workability, breathability,
and resistance to water penetration make them an attractive option for sustainable
construction [57]. Furthermore, unlike cement, lirdgased materials participatén the
OF NP2yl GA2Yy LINRPOS&dasx ¢gKSNBAY (GKS& NBIo0oaz2NDb
production. According to the analyses presented idf8 = | LILINRPEA Y| (St & oo
emissions generated during the calcination process are reabsorbed over timgsaseveral
application sectors, which together constitute 82% of the European lime market.

In addition to their environmental and mechanical properties, hb@sed mortars
offer benefits in terms of the conservation of historic structures. Their physicd chemical



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 growingifiest in revisiting and modernizing
the use of limebased mortars. Developing sustainable and functional air lime mortars that
meet contemporary performance standards is crucial to achieving a balance between
environmental sustainability, material durabyli and structural safety.

This thesis is framed within this broader objective. Specifically, it investigates the
mechanical behavior of largecale masonry walls constructed with clay bricks and air-lime
based mortars with varying lime content, aiming égaluate their structural viability and
sustainability benefits. The reseanslascarried out within the framework of thelorizon 2020
project Sustainable Building Lime Applications via Circular Economy and Biomimetic
Approaches SUBLIME | a I NJ&A S-Curiq AstoiR Rugopehrt Training Network (ETN
ITN), which promotes crosfisciplinary research on innovative lidbased materials for
construction applications.

In this context, the motivation of this thesis is also tied to the struatapplication of
cementf AYS Y2NIFNBR FT2N G4KS O2yadaNUz0GA2YyY 2F Tl o
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irregular vertical displacements (e.g., due to grdursubsidence or minirmduced
deformations) and/or horizontal shear forces generated by seismic or-ggismic actions.

The specific research question addressed is how an increased air lime content in the mortar
affects, on the one hand, the overall defeability of clay brick masonry, and on the other
hand, its shear resistance under both vertical and horizontal loading conditions.
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1.2 Aim of theThesis

Understanding the global response of masonry walls undgtane loading conditions
requires a thorough knowledge of the mechanical properties of the constituent materials.



Therefore, the research also includes a comprehensive experimental td@zaton at
different scales: material level (bricks and mortars), interface level ¢ommkar interaction),

and assemblage level (triplets and wallettes). This multiscale approach ensures that the
numerical models developed are firmly based on experital evidence and that the
conclusions drawn are robusthethree following research theses have been formulated and
are addressed throughout the study:

1 Mortar mixtures containing higher contents of air lime as a partial substitute for
cement binders, dspite lower mechanical strength, can still provide adequate
structural performance of masonry walls, especially in thadie layers otavity or
diaphragm walls, while offering environmental benefits.

1 Changes in the air lime content in the mortar comipios 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.

f Simplified numerical models and existiagi I y Rahd\aRiQ@tigal 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 these$js research aims to contribute to the development of
more sustainable and structurally efficient masonry systems suitable for modern construction
and renovation scenarios.

1.30rganization of the thesis
The thesis is organized as follows

1 Chapterlintroduces the research topic, outlines its scientific and practical relevance,
and defines the main hypothesis guiding the study.

1 Chapter 2presents a critical review of the literature related to the main topics of the
research. It covers the physical, chieal, 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 modelingaseégies, particularly finite element
methods, used for simulating masonry structures.

1 Chapter 3describes 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 sreedile and largscale
testing, with a particular focus on the elaboration of global mechanical parameters for
masonry walls



1 Chapter 4focuses on the numerical modeling of the tested walls\gginite element
macromodeling approaches. The models are calibrated based on the experimental
results from smaibkcale tests and are employed to simulate the behavior of walls
under both vertical and lateral loading conditions

1 Chapter 5presents a comparative evaluation of the experimental results against
existing analytical and seranalytical models, including those provided by Eurocodes.
The reliability and predictive accuracy of these models are critically assessed

1 Chapter 6summarizes the keyrfdings of the research, discusses the main conclusions,
and reflects on the implications for sustainable masonry construction.

1 Chapter 7 outlines possible future research directions aimed at addressing the
limitations identified in this study and furtheadvancing the understanding and
application of air limebased masonry

Additionally,the Appendixpresents data reports, including statistical analyses related
to the experimental tests described in the previous subsections. Its purpose is to provide
abroader and more comprehensive view of all the results obtained throughout the
experimental campaign.



CHAPTER- LITERATURERITICAL REVIEW

2.1 General remarks

Masonry structures are the oldest and most prevalent architectural forms. Their
enduringstrength, costeffectiveness 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 resitistnuctures, each
with their unique characteristicsAs highlighted by Roca et allQ], masonry building
complexities arise from variations in geometry, composition, and arrangement of units, as well
as the presence or absence of mortar, which coniigbto the definition of masonry material
more properly as a composite material (R2g-d). In fact, it is its heterogeneous nature that
makes impossible to comprehensively characterize masonry without a deep analysis of the
constituent elements. Consequdy, the transition from individual element properties to the
assemblage behavior is generally obtained by means of variousivied numerical
techniques [1], involving different material scalefn this context, Kubicalp] 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 lovemission 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.
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Figure2: Examples of masonry from different historical periods: Pont du Gardgh@hurch of Christ the
Worker and Our Lady of Lourdes (1988) Amiens Cathedral (c. 130@)F YR | Y2 RSNY (@I &2y NB

Subsequently, in the context of the assessment of existing structures, the requirement
to assess materials on a casgcase basis in order to determine appropriate mechanical
properties has prompted the formulation of different national annexes to Eurocode}6 [1
and more recently, the establishment of databased][Ior helping designers and reducing
the testing costs. fese 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



production processesmperfections, and actual state of the masonry, in view of finding the
most compatible unit and mortar with the original materiabf16].

In this part,the mechanical behavior of masonry elements from micnagonryunits
and mortar layerg to macro sale (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 mea 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
desigrers working in central Europe. Related to the latter aspect, existing numerical models
and standardrelationships for the structural analysis and assessment of masonry structures
are also reviewed and classified based on their principal scale modellicigoiun

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 centuies, 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 Vitruvius7]1l For building clay masonry units, raw materiale a
principally constituted by clay minerals, including fine grains with dimensions inferior to
0.1mm. From a chemical point of view, clay minerals belong to the phyllosilicate group with
complex tetrahedral and octahedral crystalline units connected betwthem in order to
obtain plane layers (Fida-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 eithan 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 ion8][By arranging several of these units in
various threedimensional cofigurations,different types of clay minerals are formed, with
the most prevalent ones being kaolinite, montmorillonite, illite, talc and pyrophyllite.

(a) (b)

@ Oxygen @ oxygen

e Silicon Aluminum, Magnesium
etc.

Figure3: Representation of silicate structures: silicon tetrahedral @iand octahedral unitb). Adapted from
[18].



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 mech#al 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
accumulationof stresses and cracks, deteriorating the durability of the unig. [1

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 processes20]. During the initial stage of the procedure, multiple layers of diverse
clay types are collected and stored in deposits for several weeksugthwoat 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 aent handmolding 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 craclgnduring 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 argenerally placed inside clamps or kilns at temperatures reaching around
mMmannc/ ® ¢KS FANAY3I LINRPOS&a aAIYyAFAOLylGfe Yz
generally have the disadvantage of irregularity firing of the units, generating diffeseince
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 maestevant properties influenced, it is possible to
consider: chemical and mineralogical properties, physical properties (i.e. porosity, water
absorption, initial suction rates) and compressive streng?ii].[ Based on the analysis
reviewed in Ghiassi et 4lL9], the most common chemical elements that is possible to find in
clay bricks are Silicon Oxide (8itd 3670 % of content and Aluminum Oxide A2y in 16
25% of content. Also, the presence of Iron Oxides@jeor Ferrous Oxide (E®@s) can be
presert in different quantities, mainly being responsible for the reddish color of the material.
Almesfer et al. [2], in their characterization of existing masonry building from New Zealand,
analyzing different brick colors, showed no clear trend between timepressive 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 comprigssstrength. Cultrone et al. 8
showed how generally low firing temperature increase the level of porosity. Furthermore,
OF NP2yl iS NAOK Ofléea &adzoeSOGSR G2 FANARY3I (S
connectivity and an elevated quantity ¢t YI £ £ L2 NBa o6fm >YOI | FFS
performance. On the contrary, clays without carbonates subjected to firing temperature
ranging from 100umnnc/ = LINBaSyd GKS o0Sad LIKeaAOrt LI
the compressive strength of tharicks. 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 éj.al. [2
CdZNI KSNY2NBE>X KAIK FANRY I GSYLISNI GdzZNBa ox dnan
in the mineralogical composition, according to Cultrone et &l], [Reing therefore connected
with the degree of vitrification and densification. These constlens led Dizhur et al. §
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 loé toricks appears significant for the
structural safety, allowing to estimate the value of the compressive strength of masafjry [2
In the case of old masonry, direct tests, as the ones performed on full modern units, are
typically conducted on nostandadized specimens B. 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 ature 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%][2Particularly, when reducing ¢h
dimensions of samples under compression testing, the ability of compressive strength to
effectively reflect a uniaxial value is compromised. Consequently, the standard EN3j2
which establishes guidelines for determining the compressive strenfjimasonry 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 norstandard dimensions of the unit samples, inuak practice, different
treatments for the topbottom 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 recéatbd from an experimental
adFdAadAOlf LAY (31RIA thed sty basedl on tdsting rnfose th&ri400 f & ¢
samples, recommended a conservative ratio of 1.45 for the compressive strength of standard
samples 100 x 100 x 40 mm to the compressstrength of the norstandard specimens
aforementioned. The same Authors in their subsequent wog4 f2udied the compressive
strength relations between different brick shapes recommended by different international
standards [3-35] and surfaces treatents. 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 staardls 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 pgmaril
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 63]l referring to EN 992 [36] concerning mortas for masonry, it is
possible to identify two types of mortars:



1. designed masonry mortar mortar whose composition and manufacturing
method is chosen in order to achieve specified properties (performance concept);

2. prescribed masonry mortarmortar 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 mortarwithout any specific requiremest

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 kgim

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, Natiomadxas to
Eurocode 6 [3] 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 Europeanier State (Figla-b). In
this case, the distinction based on the constituents is also fundamental.
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Figure4: Examples of correlation between constituent proportions and minimum of compressive strength from
different: polishPNEN 19961 [37] (a) and ItalianNTCG2018[38] (b).

Generally, cement is produced by subjecting a blend of limestone, clay and sand, to
KAIK GSYLISNI GdzNBaszx (GeLIAOlrIfte NBFOKAY3d | NRdzyR
with the calcination, showthe fusion, leading to the formation of nodules and particles with
dimensions ranging from finm to 25mm. These clinker nodules are then combined with
asmall percentage of calcium sulfate and finely crushed to create cement. The presence of
calcium sulite 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 sulfate9B From a chemical point of viethe most common
Portland Cement shows different constituents. Alite $&8@&) stands as the predominant
component in typical Portland cement clinkers, comprisingg6% of their composition. This
compound is the main responsible for the gain in strengtl281days. Belite (G&iQ) is
another constituent with 1830%. It reacts slowly with the water and on the contrary of the
first compound is the responsible for strength development after long time. Ferrité\([&z0)



and Alluminate (G&ALOs) are the remaiing elements present in the minimum of 5%. Cement

is normalized at European level according to the code ENL18{], defining five classes of
cements, consisting in tweniseven different products with different constituent materials.
Together with chental 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 dayss B#Ra, 42.9MPa and 52.5 MPa.

Limecan be classified into hydraulic lime and air liavel also lime puttywhich is
mainly used for making fine plasters, e.g. during renovation in historic buildiingsprincipal
difference is relative to the presence of silicate and aluminates in hydraoie 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 comgdé products, even though its use faced
challenges encompassing a scarcity of both scientific and technical understaddiné.if
lime is derived by the processing of limestone rocks, mainly composed of calcium carbonate
(CaC@). The calcination of theAlYSa 2y S 6AGK GSYLISNI (dzNB a
consumption of Cg) creates calcium oxide (CaO), known as Quickid3]. Calcium oxide
is promptly allowed to react with water, undergoing a transformation into calcium hydroxide
(Ca(OH), known alsaas hydrated or slaked lime 4} 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 (F&). This process, known as carbonation, is the responsible for
the hardening of the lime mortars in a more elevated time of thecess involving the
hardening of cement

Specifically, Van Balen 4 noted how the speed of this processes in ambient
conditions does not depend on the €bncentration but it is more related to the physical
properties of the limes, especially the sdacsurface and pore distribution. Recent research
on blended cemenair lime mortars incorporating an agmtraining agent [8] indicated
enhanced mortar strength without compromising porosity. It is hypothesized that the air
entraining agent facilitatethe integration of C@into the structure of the material, improving
its performance. From a code perspective, EN-21347] 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 liBjerféixed
hydraulicair lime mortars [] and mixed cemenhydraulic limemortars [B0]. In this scenario,
when aiming for a minimum strength requirement, selecting an appropriate bitaler
aggregate ratio and the type of aggregate becomes crucial as it is responsible for influencing
the alteration of mechanical strength even angpthe same material constituentS1-52).

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 (3] is applied for the characterization of the materials
in this case. First a thrgaoint 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
compresgon. 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 wigh226) /
YR NBflFGADBS KdzYARAGE @Ol fdzS cpppr F2N GKS f

Quicklime Add water —
Slacking

Burn in kiln-

Calcination Hydrated lime

Limestone Expose to air -
Carbonation

Figureb: Closed loop of air lime.

While the characterization of new mortars is straifbtward, evaluating the
mechanical properties of existing mortar joim@nbe challenging This complexity stems from
factors such as size, shape, andtitidns associated with collecting limsed 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 &] [2sted nonstandard cubic
samples according to ASTM C 108).[8Vorking under the assumption of failure within cubic
samples, restricted by the platens due to the achievement of a maximum paincip
compressive strength, the researchers conducted numerous experimental tests reproduced
by finite element modeling. This process ultimately led to the development of two shape
factors tailoredfornor i Y R NR RA YSYy & A 2 y a6ficordornB8d tHe Khapga | Yy R
of mortar samples to match that of standard specimens, aligning with the guidelines in
EN101511 [53], using a cement mortar for confinement. Double punch compressive strength
is also usually performed on mortar joints extracted and cut fiabo 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 stréim@nd serving as a valuable tool for enhancing
in-situ investigations [3-58].

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 spgcicase 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
historicd 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. [9] and Zagaroli et al6[).
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In order to investigate the fundaemtal 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 histdristaucture originally built in the 14th century and later
expanded in the 1#8-19th 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 brig€8)and air limebased(MR) mortars from
two historical periods (14 series land 18'-19" centuriesseries 3, as well as contemporary
counterparts commercially available on the Polish ma(keties 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 porositggér 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 déwging more sustainable limbased
alternatives in modern construction. The results are presented in the following figures and
tables.

X-ray powder diffraction (XRD) is an extensively-destructive method for assessing
the mineralogical composition ofubstances. It relies on detecting the constructive
interference (diffraction) patterns of-Kays when they interact with various solid materials.
Consequently, the intensities of recorded diffraction peaks offer insight into the compound
type, atomic numbeg 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 céll]] Several examples are available in
literature concerning the chemical study of different masonry building materials from
different ages ¢2-63]. Anyway, other techniques (i.e. Fourier Transform Infrared
Spectroscopy) are usually employed as supportive to the mineralogical characteritation,
double-checking the results obtained by the previous oné][6

’ j
',!(

A ot SN A
Figure6: Historical brick ready to be testgd) and mortar fragment ready to be tested according double punch
compressive proceduré).

Results of the inv&igations on bricks and mortars carried out on polish materials are
given inFig.7ab andFig.8ab, 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 brickispes,

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 tlaenexed 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%, respety

: : — : : . : 100
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Figure7: XRD patterns of three bricka) and phase content of the bricks determined from sequantitative
phase analysis using the RIR metlio{60].
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Figure8: XRD patterns of three mortafa) and phase content of the mortars determined from semi
quantitative phase analysis using the RIR met{md59].

The Scanning Electron Microscope (SEM) is utilized as an imaging techniqgue to explore
fundamental material attributes, encompassing ralents 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 surbddbe sample At
each location, the specimen emits signalbjck are captured by detectors. When an electron
beam strikes a sample, the primary signals emitted are named scattered primary electrons.
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emerging from the specimen's gace. 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 theocresponding 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 pattesh §EM can reveal
the differences in thetexture 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 tkaeeensional samples using-rXy Micro
computed tomograhy. This nordestructive approach is founded on the distinctray
attenuation properties of materialAs the Xray beam traverses the material, certairray
photons are absorbed, depending on the linear attenuation coefficéwlifferent 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 tomensional attenuation map. Through the
rotation of the sample, multiple shadow projection images are acquired franows angles.

From this collection of images, algorithms for image reconstruction work to establish
the detailed threedimensional structure of the sampleSiven their nordestructive nature,
micro-CT analyses are particularly fitting for temporal irtigegions, offering the ability to
subject samples to external loads and subsequently reconstruct the evolving 3D image at each
load step (irsitu and ex situ micr&t) [67-69]. In their work, Shetty et al.7D] applied this
method to evaluate the predicte potential of Xray micreCT 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, MiGrecanning provides
a threedimensional visualization of the internal structuwgthe brickshat 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, makinglttie 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 frémck and mortar investigation on their
microstructure are given ifrig.9ae andFig.10af. 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 saies from XVIIl and modern bridkg. 9a andig.9¢-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 rawl 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
(Fg. 10 ab-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 din@m®f 40 mm. For the
mortars, double punch test, according to German stand@f] yvas performed on historical
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mortar joints and plates of M7 mortars cut from standard beam specimens, according to
EN101511 [B3].

Fid

Figure9: SEMwith elemental maps of brick CHE4) brick CBZd). Micro-CT of bricks CR), CBZe) and CBJc)
[60].

Tmm

“1mm 1mm

Figure10 Micro-CT and petrographic thin section of mortars M@1), MR2(b-e) and MR3c-f) with dtails of
the porosity evidenced in green areasdgj5

250um
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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 oita historical mortars and
standard conditions for MR3. Sassoni et[@B] 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 dull prismatic sample (40 x 40 x160 mm) of the identical
mortar. In their study T3], besides differences due to confinement, shape, and sample
dimensions between the standard and double punch tests, changes in the microstructure of
the specimens playedsagnificant 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 conditiof]s Yalues of
the total porosity obtained by the investigations and the compressive strevigtie materials
is given in Table 1.

Tablel: Results of compressive strength of cubic sample from bricks and plates cut from standard samples of
the mortar. Elaboration from [&60].

Materials Period (century)  Total Porosity 6] Compressive strength [MPa]

CB1 XV 29.7 10.64
CB2 XVIN/XIX 13.3 42.34
CB3 XXI 35.9 27.15
MR1 XV 30.3 3.01
MR2 XVIN/IXIX 37.1 26.84
MR3 XXI 5.6 7.08

Information on these properties can be further improved with the determination of the
compresive 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 p. Beyond the elastic mechanical properties that are generally
determined on masonry components, pageak 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 usebBY
CODE 90 B proposes recommendations for the ductility indexes depending on the
compressive strength ranges of the materials analyzed.

2.3 Unreinforced masonry iplane loaded

Nowadays, earthquakes represent the world deadliest natural hazaré BEuropean
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 otkeropean 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 withoutseismic design provision 7}, It should be noted that in Poland,
seismic and pargeismic impacts are primarily associated with anthropogenic activities,
particularly deep mining operations. These include hard coal mining in the Upper Silesia region
and opper 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 undstanding 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 continua need for comprehensive investigations on fdhle 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 structuralevel, a hierarchical order exists within failure modes since the
occurrence of irplane 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 owdf-plane modes that are characteristic of inadequately designed
structures, unwise alterations to original constructions, or his@riarchitectural 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 behavi8@]. Only after, the development ofiplane failure
modes is obtained with different crack patterns and failure mechanisms. The sequence of
failure modes resulting from masonry damage during the Lesvos earthq8&ks [llustrated
in theHg. 11a-b-c. Fromthe observed failures modes, tests for masonry have been elaborated
from different Authors for evaluating their basic mechanical featufedlowing the 2010
2011 Canterbury earthquake, some unreinforced cavity masonry walls exhibited diagonal
cracking alng the mortarbrick joints (Fig. 12h), which is indicative of iplane shear
deformation. This failure mode was particularly observed wheredfiglane collapse was
prevented, allowing the two leaves to act partially togeth@2][ This failure mode &ns with
ONBI RSNJ O2yOSNya KAIKEAIKGSR Ay GKS £ AG0SNI O
systems, which, although nestructural, require specific design attention to mitigate shear
induced damage and ensure continuity in performate@sed sesmic design framework8§.

In the next paragraph the attention is given to the experimental mechanical behavior
of masonry at mesacale, from small assemblage to large scale elements, with main
concentration to inplane loadings.

Figurell: Hierarchy of failure modes for masonry buildings from Lesvos case $tijdynasonry disgregation
(a), out of plane mode(b) and inplane mode(c).
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Figurel2: Examples of diagonal shear cracking thro(afmortar joints and(b) through bricks for masonry
cavity walls. Adapted bgg].

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 unihortar 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 secontbdes, respectively.

Typical response of direct tensile test on couplet with displacement control is
represented in Figl3a with a linear behavior till the peak followed by a softening exponential
branch. Van der Pluijm84] tested several clay and calm silicate (G&i) units in
combinations with different mortar types, evaluating the fracture energy of the first n@de
and tensile strengtHi. Results showed no clear correlation between these two variables but
a trend with increasing value of frage 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 lsrinkage (Fig. 3b). From these tests, values of the fracture energy of the first
mode ranging from 0.002 to 0.0%mm are reported. Values obtained from the
experimentation carried out in Barros et 8895] 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 employ&68-87] for assessing the tensile bond
characteristics of couplets or stablonded prism interfaces (Fig4d). Ths value holds
significance as it is linked to the ability of masonry to withstand-adtilane loads and
maintain stability against wind loads, real issue due to the use of lightweight roofs in modern
practice. Several tests sap have been elaborated bihe 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 Galntn¢8ently tested
according EN1052 [89] the influence of mixing content water and curing time on the bond
0OSKIGA2NI 2F Of AY{1SNI dzyAla AYGdSYRSR FT2NJ Tt cel |
test results is questionable when comparing different experimental campaigns due to the
differencesin shapes of samples and in the test-ggt features allowed. In this context,
Gaggero and Espositd(] proposed a comparative study on the influence of different wrench
test setups on cement and limbased masonry samples. Both manual and computer
controlled test setups exhibited comparable coefficients of variation, indicating no elevated
differences in the accuracy. However, stdcdded couplets appeared to underestimate
bond strength compared to the test results obtained on running bond walletteterims of
flexural strength of masonry in out of plane movements, the ENADBA] is the widest used
allowing tests in direction perpendicular and parallel to the bed joi®& [Fig. #b-c).
Effectively, Van der Pluijn84] evidenced the relations beteen 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 flexuralrength of clay masonry.

(a) (b)

\i

D
& 3

Figurel3: Typical response of masonry couplet tested in teng&@m@and result for the actual bonding croess
section (evidenced in red) from tensile prism made of clay units and mortar with volumeggonions 1:2:9
of cement:lime:sand from Van der Pluijgd] (b).
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Figurel4: Typical wrench bond test sep as for EN1058 [89] (a). Failure modes involved in flexural tests as
for EN10522 [91]: parallel to bed jointgb) and perpendicular to bed jointg). Adapted from Singhal et al.
[92].




Shear behavior of couplets were also investigated by Van Der PRdjnw[th two
different tests setups. Effectively several Authors studied different testiggs 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 thests showed
atypical 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 Ammnded surfaces. Furthermore,
it is possible to associate to the specimens a@dbr the fracture energy for the Il moda;

(Fig. ba). Successively, a new test-sgt was elaborated with the purpose to experience
masonry specimens under programmable combination of tension and compression, thus, to
establish a complete failure ealope for joints (Fig. 3b). At European level, the shear
strength is evaluated according to the standard EN18523], where the specimens are
triplets, subjected to at least three level of increasing-poenpressions. 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 speTs.

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 nperfectly smooth cracked surface, so theeahing goes
united with an uplift of the bricks.

(a) (b)
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Figurel5: Results from shear test on couplet subjected to constant vertical Ioéa) Envelope model of the
interface brickmortar for increasing level of preompression(b). Adapted from Van Der Pluijrg4.

Hilsdorf P4] made the initial effort to describe the axial compression behavior of
masonry, relying on stiffness relationships between mortars and bricks within-stacked
prisms. Typically, there are two distinct segios 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, causinghem 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 uaiterwise, 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 thsguation, a brittle failure occurs due to the crushing of
the units P5].

The American standard ASTM C1338] Employs prism tests to assess compressive
behavior, while the European Standards EN 10997] rely on wallettes tests for the same
purpose. Naturally, it is crucial to accurately characterize the compression sstesis
behavior of masonry in order to investigate matefi@pendent aspects of masonry structural
performance and apply realistic numerical models. In this sense, the first -stiress
relations used for masonry structure analysis at masrale were taken by the concrete
experimentations. The Kent and Park modes][Scalibrated using experimental tests on
masonry, remains a prominent example utilized in peastalle modeling [9. 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 @] proposes stresstrain relationship
of masonryin 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):

Q000 1)

where:

w fxis the characteristic compressive strength of the masonry;

w Kis a constant to be defined depending on the brick and the brioktar joint types
(ranging from 0.35 to 0.55 for clay briclks)d usually spefied in National Annex to use
in given country;

w his a constantriow taken as0.7 for masonry other than dimensioned natural stone
masonry, made with general purpose mortar and lightweight mortar);

w | is a constantriow taken as0.3 for masonry other tAn dimensioned natural stone
masonry, made with general purpose mortar and lightweight mortar);

According to EN 1052 [97], if the secant modulus of elasticity is not determined
experimentally, a simplified estimation may be adopted by using a coeffikigmultiplied 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 andttpe of masonry units used. For
example, the German National Annex to EN 1296 (DIN EN 1996-1/NA:201205 [100])
suggests differentiated k values depending on the masonry unit category (e.g., vertically
perforated clay units, lightweight concrete blajktypically 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 mateal properties and manufacturing standards.

Kaushik et al.1J0]] re-adapted KentPark model [8], performing compressive tests on
mortars, bricks and masonry assemblages in order to predict their uniaxial-strags A part
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the stressstrain definitian, 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 strengt#{d2) and deformatior¥@ (3) of the stessstrain proposed is
given based on the results of four types of bricks and three types of mortars:

Qe T 0 Q8 2)
T} X'Qe )
® 98 o8

Wheref, the compressive strength of the bricksthe compressive strength of the mortds;,
the elastic modulus of masonry.

With a stressstrain 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 (E&).

Lumantarna et al.102] calibrated the same stresstrain relationship proposed by
Kaushik et al.101], using experimental data from both laboratepyoduced and existing
masonry materials. In their studyl@2], the peak compressive strengthn{X4) and the
corresponding strain «£¥5) were defined using the same notation as in Kaushik et @l]:[
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Figue 16: Compressive stresdtrain relationship proposed by Kaushik et a@][9
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Specifically, the Authoffd02] observed that pisms 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 equatidh yith this SMPa
value serving as the demarcation betwemasonry 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 formulats 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):

0T mmdQ (6)
PT U

Where the facto 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 Thomd®4], based on prism testing, elaborated
aformulation (7) accountngfor heightto-thickness ratio of the masonry pns(h/t), volume
fraction of brick Vry and volume ratio of bed joint to morta¥ Rn+):

™ TQ® Q% ¢ 0n'Ys (7)
0 8
o)

In addition to the examination of the compressive properties, the stz tensile
properties of walls play a crucial role in predicting the structural performance of masonry. To
investigate these properties in both-gitu and laboratory settings, diagonal shear tests are
conducted 106-107] (Fig. T).

Typically, these testinvolve 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 [18]. It is also not unusual to find literature cases where tingt fows 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 Hpbut, also, irthe case of new masonry solutions with poor
mechanical properties fll0]. Two main standards are commonly followed: the American
ASTM E 5190 [111] and RILEM F@6 (LUMBSG6) [12]. These standards are founded on two
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distinct hypotheses for interpreting thetresses at the center of the panel (Fig8)1
ASTMES519 [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 withtie pure shear strength. On the other hand, RILEM @ (112] relies on

the solution to the elastic problem for a plane stress element, as proposed by Frd&ht [1
under the assumption of a homogeneous and isotropic material. In this case, the principal
tensile strength at the center of the panel is obtained gs-0.5P/A However, several Authors
[108,114] have observed through finite element analysis that the RILEM] [Approach is
based on a more accurate assumption regarding the stress states.

Figurel7: Typical test set up schee 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 sheampression test, as per ¢h
¢ dzZNy OS1 | YR 2%].6\ecdding to Yhiz m&del, 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 materafiacipal tensile strength.
. @ NBOGSNERAY3I GKS NBf Il GA 2y aKALE) ondEnadEriyeiteR 2 F
principal tensile strength of the masonry (Fi§).1n Fig. 9, the coefficient p considers the
slenderness of the crossection of the pael 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 [[6-117]. Effectively, Celano et al. [&Lshowed, based on
parametric numerical @alysis, the possibility of using values superior than 1.0 even for squat
walls.
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2.3.2URM under vertical static sheariggregular settlements

In-plane lateral response of masonry walls has been intensively studied in the last two
decades but stilimited 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/vaffi.

The problem connected with this action pertains not just to loading andloading bearing
walls of new constructions experiencing cracks from minor differential settlements, but also
to the assessment of life safety factors for more brittlstbrical masonry structures [8L
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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 scal
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
Tl el RS Y2RSt 20121 RBddariNieSRtudiedfithasyil20-121] concluded
that the soilstructure 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 concentratibstresses at their corners. Other
examples cover the performance of masonry walls withjdmgts. In this case, the modeling
strategies preferable are discrete element models where the units are considered as rigid
bodies interacting at their contachierfaces [R2-124]. Different largescale test setips for
the determination of the performance of masonry walls subjected to vertical shear loads were
developed at the Silesian University of Technologyp{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 supporgegerallyfull-scale wa made
of running bondsolid clay brickand AAC blocksonded with limecement mortarof different
proportions The wab were seated on two independent supports: one fixed, and the other
vertically displaced upward using a hydraulic actuator, thereby inducoantolled 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 LVDTSs, strain development through gaegel visual monitoring of crack
formation and propagatioiiFig.20aDb).

(b)

Figure20: Test set uga) and specimengb) adoptedin the experimental investigationy Kubica27].

The results showed that cracking initiated néfae loaded corner and progressed diagonally
across the wall, indicating classic shear failure. The walls exhibited nonlineatdtmdation
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behavior, with progressive stiffness degradation and reduced shear capacity as displacement
increased(Fig.21ab). 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.
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Figure21: Example of failure of wallettes made of clay solid bricks (a) and AAC blocks with common joints (b)
tested without precompression (top figures) and with peempression (bottom figures)from Kubica [1Z2]).

A modification of tle previous test stand wakought 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
columms by means of concrete made of fagitting 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 tiee other
transmits to one or eventually two masonry wallettes an increasing vertical shearing load, till
the failure (Fig22).
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Figure22: Vertical shear test set up developed at SUB]12
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Piekarczyk [1Z] examined the bkavior of ten masonry wallettes built with solid clay
units and blended cemedime mortars. The wallettes were subjected to shearing forces and
progressively elevated vertical compression levels. The objective was to investigate the
correlation between skar 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 elastiplastic response in terms of distortion and shear stress. The
hardening phase wasbserved to begin when a critical shear value, indicating the onset of
diagonal cracking, was reached. Additionally,-poenpressive stresses were found to have
abeneficial effect on enhancing the resistance to cracking in walls @ag)2In the work
[128], the sameAuthor 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 diagonaticraas 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 thesizaof the same experimentation in Piekarczyko[12
the Author proposed a further theoretical description of the results with the Mann and Muller
criterion [130]. Kubica [1B] summarized the main evidence on theplane response of
masonry wallettes subgted 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 (Serviceabilitsimit Sate), Kubica [18] noted the possibility to use safely for dgs
purposes the Coulomiohr criterion given in Eurocode 63Jlalso for vertical shearing.
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Figure23: Typical vertical shear streasigular deformation response [5R(a). Crack pattern for clay masonry
wallettes subjected twertical shear loads with zero pmmpression p and 1.5 MPa of ptempression p2.
Adapted from Piekarczyk [8R(b).

The need to examine the vertical displacements of masonry walls with realistic base
dimensions and to speed up the specimen preparatmocess without using cement
connections, prompted the creation ohather test set up [B1].

Specifically, this testing apparatus incorporates a flexible steel beam positioned on the
top of vertical load cells, enabling the construction of the wall alyewithout 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, alldar the application of various displacement
patternst vi(Fig. 2).
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Figure24: Test stand: &, steel frame, Z; force gauge with range with the range to 500 kN, t8ydraulic jack
with the range to 500 kN, ¢ steel beam, %; reinforced concrete top beam, Gtested wall, 7¢ members of
the system for measuring the vertical displacementg fi@xible support (steel beam),@external support of
the beam, 1(Q; elements of the system enforcing vertical displacements, 11,12 \&Iraulic jack with range

to 150 kN, 14 screws foriiking the deflections. From PiekarczyB]lL

Similar test seup has been used before on masonry walls on with and without
openings in Holanda et al.32-133], where only a load cell acting as support, positioned in
the middle of wall, was pulled to éorce 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 maenodel approach showed the necessity
to conside the contact interface between the deflecting concrete beam and the wall for more
reliable results. Loots et al. 34] conducted an experiment involving a masonry wall with
dimensions of 3 meters in length and 1 meter in height. They subjected thisveadidflection
by means of a supporting | steel beam and observed the development of -aymametric
crack in the wall at approximately a 1/1200 deflection ratio. Also, Meyert®&H] [duggested
that the ratio of support beam deflection to its span shouldt rsurpass 1/2000, and

FRRAGAZ2YIFEte GKS GSyaats adNBy3IdK 2F GKS 41

has been elaborated by Savalle et al.g[L3n this case, the settlement system comprises
amobile component (with one degree of freeahorepresented 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 constructionite case study conducted by Kania et al.q[L®artition 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 sustamoable deflection without
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showing damage. The works B339] described the results of fuicale tests on calcium
silicate masonry walls with and without symmetrical and asymmetrical openings, subjected to
vertical deflection, based on the test set upFa§.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 loaddongside 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, ¥galith 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 @cking along the mid height of the walls (Fig).2
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Figure25 Crack patter of calcium silicate masonry walls 4.55 x 2.45 m tested without vertical loads and
increasing vertical displacemen() and with increasing vertical loahd deflection(b). Adapted from
Piekarczyk [19.

2.3.3 URM under horizontal cyclic loadqgeismic type loads

The experimental investigation of masonry wall cyclic lateral behavior has started
receiving significant attention in the past twenty yeafSue to this scientific interest,
comprehensive datasets and test results have been systematically gathed€el42],
providing valuable information at the design level of masonry building. Various factors impact
on the lateral wall responses, includirsienderness of the wall, vertical stress, masonry
textures, and boundary conditions43]. 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. Specdally, 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. @a). 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.

(a) (b) ()

o I

[

Figure26: Inplane masonry walls failure modes when subjected to vertical and lateral load: rocking flexural
behavior(a), toe cushing(b), diagonal shear sliding), diagonal crackinfd) and horizontal slidinge).

In contrast to previous flexural responses, a shear failure mode can manifest,
characterized by different resistance mechanisms: diagonal cracks along the mathaine
bed joints (diagonal sliding) in Figc2 diagonal cracks through bricks and mortar (diagonal
shear cracking) in Figb@ and horizontal sliding along bed joints (sliding) in Fag.[244-145].

In realworld scenarios, multiple failure modes magncurrently manifest in the same
masonry element, complicating the establishment of precise relationships for defining these
failure modes.

Anthoine et al. [18] examined the influence of wall geometry, testing in qe&tatic
cyclic loads two walls, witthe same vertical force of 150 kN and doulileed 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. Baed on the previous study and others fl4Magenes and Calvi [8introduced
modification of the simplified formulation for the determination of lateral response according
to the existing codes. Raijmakers and Vermeltfoodgitested the influence oficreasing the
vertical precompression loads on clay masonry walls. Increasing the level-abpnpressive
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.§0] performed gclic static tests considering different
boundary conditions. Precisely, four types of restraints were considered: type | (cantilever),
type 1l (fixedfixed rotations with constant axial force), type 11l (fix@ded rotations and fixed
vertical displacemets with variable axial force) and type IV (fixed position of the moment
inflection point at midheight of the wall). Only the cantilever boundary conditions (type 1)
produced flexural failure while all other boundary conditions produced shear type respons
Effectively, the most common boundary conditions reproduced by experimental tests
are the cantilever and the doubfexed conditions, which may not be the most realistic of the
structural walls of masonry building, as shown in Petry and Bayer by nuégmsshover
Fylrfeara 27F | Y|l & 2yodding Bppasicir [31]. Baithenhde, tfidse NP
experimental tests are inherently limited by the specific experimental conditions and sample
dimensions reproduced in each test. This limitation is linketh#osize/scale effect, wherein
increasing the size of a specimen results in a reduction of its structural strength, as highlighted
numerically by Lourenco §2]. This aspect is critical because, as observed by Petry and Bayer
[151] the majority of cyclicasts 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 masnry buildings, thus yielding netonservative results. Other studies focus on
investigations related to different materials. Aoki et ab3Lconducted parametric studies on
the cyclic lateral behavior, with key variables including the aspect ratio andug 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-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 gaa-plane lateral load carrying capacity of
lime-based walls were lower than the cememased walls, their energy absorption and
equivalent damping were higher. Upon the episodes of induced seismicity in the north of the
Netherlands, an extensive testipgogram has been conducted by Messali et &@4]1lin order
to understand the response of masonry walls made eBSClricks. On the basis of this work,
the researchers concluded that the failure modes strongly depend on the shear ratio with
flexure govening 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 peaKatvear
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 ab5]lcaried 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
displacemenicontrolled cyclic tests, also diagonedmpressive 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®nd 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 &} ftbposes a review
of the main eisting international formulations, hereafter summarized in Tal2e with the
main analytical expressions. ASCEL3]15/] and NZSEE7 [13] from New Zealand exhibit
analogous relationships for flexural toe crushing, rocking failures, and diagonalngrack
although differences arise in the context of sliding failure. Eurocodes BL&{18 [19], and
the Italian code NT@8 [38] with its explanatory circular HO] do not provide analytical
expressions for rocking failure modes while the toe crashimgesgust on the coefficient
describing the stresblock distribution for the compressive stress along the sections.

Table2: Analytical code expressions for the shear strength of masonry walls subjected to lateral loads for
Ameilican ASCE 413 [157] and New Zealand NZSEE[15]. In table:h: 1 or 0.5 for fixedixed or cantilever
boundary conditionsPo: dead loadPw: weight load - wall length hef: height to resultant of seismic forck;
axial compressive stress: maonry compressive strengtlfie: masonry diagonal tensile strength, 0.67 for

her/L>1.5 orl forher/L<1.5,>: friction coef.,c: cohesionf: wall thickness, «: mean bedoint strength.

Failure modes ASCE 413 [157] NZSEHR7 [158]
- . 0
Rocking See NZSEE [15] W T L T@U o
T hi See NZSEE [13 D Tl 0 T®U 0 ©
oe crushing ee [13] w | O U] a9 p M
Diagonal shear , o Q
cracking See NZSEE [158] G Q61 p o
X UT Oz b )
Sliding ® ©w ™ O0W 0 O

pd

Table3: Analytical code expressions for the shear strength of masonry walls subjected to lateral loads for
European EC6 81- EC8 [18] and Italian NT@8 [160]. In the table, identical parameters as thoseTab.2are
included, along with additional parameteits:1/i , Ay: area of horizontal wall crossection,! v: partial safety
factor, fi: characteristic rasonry diagonal tensile strengtly, compressed part of the wallg: axial stressfyk

characteristic shear strength equal t@0+0.4" 4 for filled head and bed joints @.5f«s+0.4" 4 for only filled
bed joints,fwa: the characteristic value dfmowhich is how the NTC indicate the cohesiton

Failure modes EC6 [13], EC8 [159] NTC18/19 [38,160]
Rocking - -
- h , | 00 Q , | 00 Q
oe crushin ) = = ® - -
g ca P mr <o P W
Diagonal shear o Qo ro. , 0 6Q Q
cracking o P =q © o P q
o gm P®Q OO0 MO
Sliding r 5050

Besides the code formulations, the SLAMRM methodology [@1] offers a simplified
approach for describing the seismic capacity of masonry buildings at a +eeale from
individual elements to complex assemblies of masonry piers and sganéegarding 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 asdbhm form of limits to the maximum drift
capacity based on empirical test results. An overview of the Eurocod&B [tian 38, 160]

and New Zealand [Bpis given iffable 4. Considering the development of the new generation

of Eurocode 8[159] Beyer et al. [B2] suggested adjusting the drifts of hollow clay masonry
walls to better align with the experimental results for their cyclic response found in European
databases.

Table4: Drift capacity models for in plane behavioasonry walls according to different codes. In table:
h: height to zero bending momenit, length of the wall.

Limit states EG8 [159] NTC18/19 [38-160] NZSER7 [15]
Flexural Shear Flexural Shear Flexural Shear
SDLS 0.8 h/1%-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 %

24 Numerical modelling and simulations

Assessing the structural response of masonry structures remains a significant challenge
due to the mentioned heterogeneity, necessiteg 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, howeir, it
necessary to considehe shear contribution to their loatbearing capacity, which cannot be
disregarded and not always captured by edimmensional frame elements. Nonetheless, in
recent years, various modeling approaches have emerged, spanning from simplistic to highly
accurae 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-£[164], achieving a delicate balance between accuracy, reliability, cost, and
complexity is essential in structural analysis. Following the literaturewein the work [16],
modeling strategies for masonry structures may be mainly dived in: {dlaskd models,
continuum models and macrelement models.

24.1 Micro models

Micromodels, which are also known as bldidsed 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 “wediwn micromodel was
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StFr02NIGSR o0& [ 26Hz83Rdficady, theditRors [l @6{iploposed @ mult
surface interface model capable to include the fundamental failure types of masonry
specimens at small scales, such as: masonry crashing due to tension parallethaigo raal

to mortar joints, diagonal failure of masonry due to sheampression loads, joint tension
cracking and joint sliding (F&¥ a-e). This modeling approach is specifically categorized under
the "simplified micremodeling approach.” In this casiae 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 Authdsk [16
suggested a composite yieklrface This composite yield surface is used to replicate the
tensile failure of mortar joint$8), the shear response of join{8), and the crushing of units
under monotonic loading with a compression cé®) (Fig. B). The three surfaces are
subsequetly defined by:
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where:
1 ° denotes the normal stress, which is considered positive in tension and negative in
compression.
1 _represents the shear stress adgjitangentially to the interface.
1 1 s Zand]] iarE internal history variables used to model the progressive evolution of
damage in tension, shear, and compression, respectively.
Material strength parameters are defined as follows:
1 fiis the initial tensi strength of the masonry interface.
7 fcis the initial compressive strength.
1 cdenotes the initial cohesion, whileeis 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:
1 Gis the fracture energy in tension.
1 Gis the fracture energy in shear.
1 D &s the fracture energy in compression
1 G isthe fracture energy associated with friction angle degradation

Haach et al.[167] employed an identical micrmodeling approach to conduct
aparametric 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 werecdaasing
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discrete cracking model interface elemenkurther developments othe micromodelling

approach are given in Abdulla et al. 8l@&nd Guo et al. [19 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
Y2RSEtAYy3E | LILINRF OK T2t f 2 g &ls buywithiRegfaceésrdireld | (1 S 3 2
disregarded, and stresstrain relationships are exclusively assigned to mortar joints and bricks

[170], that are in this case full defined in their dimensions.
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Figure27: Failure mechanisms csitlered in micremodelling: joint tension crackin@), joint slip(b), unit
tension crackingc), unit diagonal crackin@l) and masonry crushin@)® ! RI LJi SR FNRBY [ 2 dzNBY oe

[166].
T &
Coulomb friction
mode

Initial yeald surface

Compression
cap mode )
!

[/ Intermediate /

¢+ yeald surface /

Tension

[ cut of f

o

Residual yeald surface/‘/
S A—

Figure28: Composite yield surfacedrL,J)2 8 SR o6& [ 2dzNdfy 2 YR w2ia ow
In the context of modeling complex structural materials such as concrete and masonry,
the WillamWarnke failure 171] criterion has served as a foundational basis for the elasto
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plastic material models developed by Majghkv [L72-173]. The Author 172-173] extended

this approach within hiscustotRS @St 2 LJSR a! C9a az27Fil 6l NBIZLI RI LI
plasticity model for concrete, masonry and subseitlements In this case, this model uses
aboundary surface constrted from rectilinear and parabolic segments, which connect key

stress states such as uniaxial tension, uniaxial compression, and biaxial comp{iegsié).

The cap on the compressive side allows the model to reflect volumetric hardening and
softening under high confining pressureBased on Kubica [4}, once defined parameters,

i andY(k)as per equations (13):

| G Qe (12)
&G Qo
T RS (12)
Q& Qo
®Q 6 p 6 6Q 6 Agp & 67 (13)

where:
1 fcidenotes the compressive strength in tanial load conditions.
fii represents the tensile strength in uakial load conditions.
Y (k)is a hardening/softening function.
¢ is a hardening/softening internal variable.
G, G, GandG are material constants governing the shape and evolution of¢ 0

= =4 =4 A

The equation F114), F2 15) and F316) describe the relative domain for the yield surface of
this model.
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where:
1 F, RandRs are respectively a conitaurface, a spherical cap and an ellipsoidal cap.
1 iis representing the principal stresses in the direction i=1, 2, 3
§ " mis the mean stress (first invarian}:' m[' M K 1& &b’ 3)
1 ° isthe square root of the second invariagt |
Tzweb m)2+( yID‘ m)2+( b m)2+_xy2+_y22+_zx 12
ais the major semaxis of the elliptical compressive cap.
b is the minor semaxis of the elliptical compressive cap
1 cdefines the center coordinates of the cap in compression.

E |
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andfu triaxial tension along withinfo of its threedimensional segment envelope, as adapted by Kuldié4][

Numerical simulations, corroborated by Kub[&&4] 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 benchrkaior calibrating finite element models aimed at

capturing the vertical shear behavior of masonry panels under complex loading conditions
(Fig.30&ab).

(a) (b)

".‘.n"""""", pal

r

Figure30: Numerical model for vertical shearing load te@sand principaktresses in théaeterogeneous
numericalmodel(b). Adapted from Kubica et al1[f4].

Definitely, micro models prove effective in modeling individual structural components
when the aim is to analyze their inteelationships across varying scales. Thalso the case
of masonry retrofitting strategies composed by reinforcements embedded in mortar matrixes.
Ungureanu et al. [45] developed a detailed micrmodel of the wallettes retrofitted by textile
reinforced mortars (TRM). The bricks and mortars waneulated using tetrahedron finite
elements, while the matrix layers of the TRM were shell elements with the reinforcement
modelled as truss elements.
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2.4.2 Continuous models: macro, mesttale and homogenization moslel

Continuum models represent masgnas a unified element with a single strestgin
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 migrodels. Specifically,
in macremechancal (or macro) models, this stresgain 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 referreasto
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 foramain quasibrittle 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 toran 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 crackin@6]l The DIANA finite
element software offers variounodels within this framework, including the Total Strain Crack
Model (TSC) as one illustrative example (Fig:b). This model can be categorized as either
"fixed" or "rotating." In the "fixed" model, once a crack is formed, its direction remains
constar. In contrast, in the "rotating” model, the orientatiaof the crack and consequently
the directions of the principal stresses, vary during the analysis for each load increment.
Within this model, the stresstrain response under uniaxial loading is @therized 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 tpeak stress, followed by a softening branch
RSAONAGSR o6& +y SELRYySyGAlLf RSOIFe o6laSR 2y
also part of the same software where several improvements are added for modelling the
lateral cyclic response of masonmgalls [177]. First, the anisotropy of the masonry resulting
from different stiffness in the direction of the bedand headjoints is considered.
Subsequently, a more realistic description of the unloading phases in compression is achieved
by introducing &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 tfee post
peak and the unloading/reloading responses in tension. These values are calculated based on
the crack orientation when cracking initiates. Basili et al9{180] investigated the suitability
of TSC model in reproducing the response of unreinfbraed reinforced masonry wallettes
subjected to diagonal compressive loads. Masonry and reinforcement withlased mortar
and basalt mesh were modelled as an isotropic continuum, with the same mesh and plane
stress elements but considering two differetayers 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 tebe tensile strength was assumed with respect to the
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effective fiber tensile strength. The results showed the capability of the model to predict the
panel response up to failure, also in a reymmetrical configuration of reinforcement.
Recently, Fages etl. [181] proposed a calibration method for masonry adobe of the TSC
models based on compressive and diagonal compressive tests.

(a) (b)

o O

(c) (d)
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Figure31: Uniaxial stresstain relationships of Total Strain Crack Model of DIANA(Rggension andb)
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 paramedeand
de.

Another set of modls frequently employed in the macioechanical modeling of
masonry consists of the damage modelg[L These models rely on defining damage
parameters to consider distinctions between cracked and undamaged-seasi®n elements,
describing the degradain processes as loadimigloading cycles increase. An instance in this
category is the Concrete Damage Plasticity model (CDP), which was first formulated by
Lubliner et al. [82] 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 8@4]Jlso introduced a plastic damage
model that considers two distinct damage parameters. Additionally, they incorporated-a no
local constitutive formulation to address analytical issues associated with mesh dependency.
Rainone et al. [85] conducted a parametric analysis on the lateral response of masonry walls
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utilizing the CDP implemented in the Abaqus software. The latidr axialstress strain
illustrated in the Fig31lc-d.

On the contrary, stresstrain for a continuum model can be obtained by means of
atheoretical homogenization approach. The basic idea of the homogenization is deducing the
property for an equivalent dmogeneous, 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 §6]. The Author[186] deduced the implane
characteristic of masonry in the linear elastic range, under the assumption of Kirdldweff
plate theory. Pande et al. 7], in the same linear elastic case, formulated thecatieR G -0 & 2
a0SL) K2Y23aSyAT I GA2YE AYy BHKAOK GKS LINE OSRdAzNB
account firstly the presence of the discontinuities of bed joints and then that of the bed joints.

More recently, homogenization approaches for the deterntima of masonry failure surfaces
by means of limit analysis have been proposeMilani et al.[188-189]. In all the cases, the
process of multscale modeling entails a minimum of two sequential steps, beginning with
the creation of a homogenized modeidleading to its practical implementation for static or
dynamic analyses in real structural cases.

Addessi et al. [@0] introduced a multiscale methodology that starts from a 3D micro
scale representation, simplified as an arrangement of elastic backk nonlinear zero
thickness interfaces. This miesgale is then transitioned to a maesgale model, assumed as
per MindlinReissner theory for flat shells, through a homogenization process founded on
CNF YAT2NXYIFGA2Y CASEtR | yIPH, $raposed a0 Wo@dgenivation S NI 2 €
procedure, based on a FE discretization of the reference element, that can be used to
OFf AONI ST APSP (2 -staeinbBeR doditear fiexurallstie&/axiali NHzO G
springs, representing the interfaces, placeoetween quadrilateral shell elements
(Fig320 @ ! yegles GKAa Y2RSf A& [|-peakIodhSeRsitictg 2 OF
issues appear principally in brittle materials when trying to describe their softening behavior.
Several solutions of thesproblems have been obtained among which the use of fracture
energy and the characteristic length of the mesh are the most comm@gj.[1
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Figure32: Multi-scale Fem model based on homogenization approach adapted from Bertoéds[191].
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2.4.3 Macro elements (panstale) models

Macro-element models, known also as passelale or structural component models,
idealize the structure into panel structural components with a phenomenological or
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mechanical based nonlinear respons&his approach finds its primary application in
evaluating the impact of seismic forces on masonry buildings and-tamae structural
elements. An illustrative implementation can be found in the software TREMYB) yihich

relies on the subdivision ofhe 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 ouwbf-plane behavior of masonry is prevented. It has to be noted that
effectively also macrelements are continuum elements, but the differences are in the
determination of the stresstrain behavior of masonry, that in this case, aim at the
reproduction of theglobal response of the masonry. First Raka et 844][and then Peruch et

al. [195] proposed for the irplane behavior of masonry structures an extension of an existing
distributed plasticity frame model, originally developed for the analysis of reiefbconcrete
elements. The model consists of essentially a Timoshenko beam based on the assumption that
plane sections remain plane. In particular, the ak@hding behaviors are obtained from
afiber-section model of the wall crossection, while the shearesponse is obtained through

a phenomenological shear forahear 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 ®ngth 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 (F33). Effectively, lateral panel stiffness calibration should
be performal focusing the attention to the shear stiffness not only for pastle elements

but also for macro¥ SOKIF yA Ol f Y2RSffAy3 I LIWINRIGKSESas | a
arecent study, Camata et al.97] conducted a comparison between the equivalentniie
approach [D5] and established micrmodelling 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 exHibiiggtions in
accurately predicting mixed failure modes. Also, Cattari et 88][@bserved that in modelling
regular masonry facades, equivalent frame models yield nearly similar results, irrespective of
the criteria used for determining the height tfe piers, of finite element models. However,

in addition to addressing frame regularity, deficiencies have been identifidebinapacity of
these modelsto accurately capture the behavior of spandrels. This inadequacy becomes
relevantin the need for dstinct strength criteria from the ones of the piers and in representing
structural configurations with complex artistic geomethat cancoupk out-of-plane to in

plane movements [19). Indeed, these topics represent, research gaps to be still addressed
[200.

Recently, Vanin et al.201] introduced a threedimensional macrelement
formulation within the OpenSees software for the assessment of unreinforced masonry (URM)
buildings, taking into consideration the eaf-plane behavior of masonry panels. tinis
context, the macreelement was demonstrated to accurately replicate rigid block limit
analyses of onavay bending oubf-LJt | yS Y SOKI y A & 2@ddeveldpédi 5 S
anoteworthy macreelement 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 arplame/out of plane stling
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behavior of masonry panels (F&fla) [203]. The same approach can be used for studying the
influence of the norstructural loadbearing partitioning walls in reinforced concrete
structures (Fig. 34b) [204-205]. As evident, various software programsngloy 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 modellin@Q6]. Consequently, there reodly arises a need to study
benchmark structures to elucidate disparities stemming from various modeling and
parameter assumption2p7].
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Figure34: Threedimensional macrés f SYSy G gAGK FEALFEf | YR &KS[R0%foa LINA Yy 3 &
infout of plane loadga). Mesh discretization for infill masonry wall subjected to both in and outarig@loads
(b) [204-205].

2.5 Summary and Critical Remarks

The literature review conducted in this chapter indicates several-egtHblished
research directions and also defines still open issues that are the subject of research. The
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mechanical and pysical 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 istorical 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 -plane masonry walls and
the related failuremodes 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 tepfane loads, especially in terms of vertical shighae
to nonruniform settlements or displacements induced by various factors) and/or mainly
horizontal shear due to seismic or pasaismic effects (mining tremors, vibrations induced by
urban transportation systems, etc.) remains still less documentedlaldkeof 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 ohumerical 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 amtkficiencies 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- EXPERIMENTAL CAMPAIGN

The purpose of this chapter is to provide areoview 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 investigationfanasonry 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 akear,compressive strength and diagonal compressive strength
for masonry wallettes. The same approach is adopted forstidle masonry walls subjecte
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 comparatanalysis in the last section
3.4 of the chapte

3.1Supplementary materials testxlay bricks

The clay bricks selected for this research were provided by Wienerb&@esbuilding
productscompany, along with a datasheet that included informationgeometry and specific
limits for physical and mechanical properties. The units produced through a particular process
of handmademimicbricks in appearancas produced in past centuriebhis type of clay solid
bricks is recommended for the construmi of facade 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 i83-ig.

..
e . -

Figuré35: View of the frogged clay solid bricks used in preseﬁted investigé‘tions-.i

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 haves raccurate
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information relative to the latter properties, in this part of the thesis, tests on compressive
and flexural strength, water absorpti@andinitial rate of absorptior(IRA)are conducted.
In Table 5, an overview of tests carried out on briskgiven with the individual test series
identified by a code. The first part of the code indicates the type of test:

1 WA-for water absorption test,

1 IR-for initial rate of water absorption,

91 BT-for full sizebricks subjected to a threpoint bendingtest,

1 CT-for solid bricksubjected to compression test. The second code number recalls the

type of material analyzed i.e. CB for clay bricks.

Table5: Overview of the test types carried out on brick samples.
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Water absorption was determined using six fglize specimens, following the
guidelines outlined in EN 7721 [208]. After drying of the bricks, they were subsequently
AYYSNESR Ay 4 GSNJ F2NJ I 6).TeNdtial Bnd posmmensignn ®p K 2
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 averagalladix measurements and is 1097
(13.8%) with coefficient of variation indicated in brackets.

Figure36: Fullsizeunits in submersion for water absorption measurements.

Also, the initial rate of absorption (IRA) was detered by testing sisolid bricks
following the procedures described in EN 7I7/2[2(]. This involved immersing one face of
0KS OoNAROlAa AY 61 GSNI G2 | aidlyRIFINR RSLIWK 2F p
in mass before and after the immersiorenmod. 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 Kgi{im) (11.7%).
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Flexural strength was determined thrgh threepoint bending tests conducted on full
units, considering similar testing procedures performed on mortars. Adoadrol test setup
was utilized with a loading speed of 0.05 kN/s. Two loading directions were evaluated for
applying the load perpendular to the bed joints: one on the plain side and the other on the
frogged side (Fig.7a-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
crosssection and locating the neutral axis, which corresponds to the &estson with aC
shape. Average value of the flexural strength with load directiorthe plain sid€g(" t.piain)
showed value of 4.44 MPa (29.3%). The analogous value for the fraiged rrog is
3.93MPa (39.26) (Table 6) The failure modes in both loading directions exhibited
comparable patterns. Typically, cracks emerged within the central -sem$i®n of the brick
(Fig. 8a). In certain instances, crack initiation was irregular, commencing in the middle cross
section and progressing asymmetrically from various sides of the bricks 8big. Sich
irregularities might account for the heightened \atility observed in the results.

Table6: Values of the flexural strength with load direction on the plain sides) and frogged sid€ {rrog).
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Figure37: Flexural tests on full unit samples with static scheme and dimension in mm on the plafa)site
the frogged sid€b) and example of the brick ready to be tested (on plain s{dg)

(a) | (b)

Figure38: Failed unit with regular surfade) and failed sampllé with irregular devélopment of cracks from the
middle crosssection(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 masoesgrving the use of
full units solely for evaluating the compressive strengththe batchat this stageThe same
process would apply anyway to frogged units since their net loaded area is superior to 35%,
therefore without predicting any cement capgnof the frogs, as recommended by the
standard EN 772 [30]. Tests on compressive strength were carried out in accordance with
the relative standarddQ] after a process of surface top and bottom rectification. Tdree of
the specimen perpendicular tdedjoint, was incrementally raised by means of a hydraulic
I Qldz 62NJ AY RA&LIFOSYSyd O2yaNRE G | NFGS
compressive strength of the bricks was determined using shape factors specified in the
appendix of the EN 772 [30], taking into account the heighb-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. Té camera was positioned at distance of 50 cm from the specimens
(Fig. ®a-b). Knowing the deformations, a value of the elastic modulus is obtained considering
the slope of the stresstrain 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 73@], given the
dimensions of tested bricksThis 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.

lFmax,i

- 215.0 B

Figure39: Compressive tests on full units with static scheme and dimension irfayend position of the
sample in the testing machine DIC syst@h

Table7: Compressive elastic mechanical properties of masonry units.
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Regarding the failure modes, the cracks started to develop in direction parathet
load application. At peak load, failure showed typical lateral expulsion of the material
(Fig.40a), resulting with thefurther progressive loads to the complete disgregation of the
sample (Figd0b).
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Figure40: Expulsion of material in correspondence of the peak i@dnd top view of failed brick not able to
sustain more vertical load®).

A comprehensive review of all experimental results related to the calculation methods
for flexural and compressive strength as well as for the physical propefteeksis provided
in the Appendix, with reference to Section 8.1

3.2Supplementarynaterials testg mortars

Two mixed cemenair lime mortars are selected to prepare the bedding masonry
samples, incorporating air lime CLS([2L.0] and Portlandcement CEM II/R& 32.5 R [21].
Siliceous sand with a grading of 0/2 mm was selected aaggeegate 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.

Cumulative mass passing [%6]

0.01 0.1 1 10
Size of the sieve opening [min]

Figure4l: Adopted sand granulometry from Zagaroli et allp

The mortar mixes, denoted as MIXand MIX2, have volumetric ratios of cement,
lime, and sand at 1:1:6 and 1:2:9, considering the popularity of these mix propsriay
bedding mortars. Tabl8 provides the masses of the constituents based on the volumetric
proportions and bulk densities of the constituents. The wsdtebinder ratio was adjusted
through the flow table testENLO153 [213] to ensure the workabilityof these mortars,
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conducted in the same sequence as that employed for bricks, starting with the assessment of
physical characteristics and then proceeding to investigatehauical properties.

MT |

Table8: Mortar mix compositions of mixed cemeliine mortars [22)].
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Similarly, to the brick protocol, Tab® 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:

1 BT-for prismspecimens subjected to thregoint bending tests,

1 CT-for half prisms subjected to a compressist,

1 CCTfor cylindrical specimens subjected to compression tests,

1 SCTfor cylindrical specimens subjected to a Brazilian splitting tests, and

1 FT-for beams used to determine fracture energy.
The second code number recalls the volume proportions of the mortardlil€e for Mix1
and 2<% for MIX-2.

Table9: Testing protocol with dimension specifications. Adapted from Zdigatral. [2.2].
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Mortar curingconditions are the ones specified in European standard EN-10753)].

All specimenswerg SLJG G &dG1Fo0fS GSYLISNI §dzZNE 2F HnpHe/
F2NI HM RIFeéa | FAOSNILINS@A2dza 1 RIF&da 2F Odz2NAy 3
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
LINAAaYa onn P nn P wmMcna ¥M{EBF THe giatic SOHerBeNsRHe ya& 6 A U
used for brick samples with a distance between the supports, stalwkzadt at 100 mm
(Fig.42a-b). A load control test saip 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. Fi4Ba presents the staticidgram featuring dimensions of the
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compressed halve, while Fig3b showcases a representative sample positioned in the
machine. Average values of the flexural and compressive strength with relative coefficients of
variation are given in TablH. Regardig the failure modes, no differences between the two
mortars were evidenced. During the thrg@int bending test, cracks formed primarily in the
middle crosssection of the prisms (Figfla-c), whereas halprisms failing under compression
demonstrated a coical failure pattern, with material expulsion from the lateral surfaces

(Fig.44b-d).
(a) l‘ A (b)
®
4(%.0
L1 oo.o—r
160.0

Figure42: Static scheme of threpoint bending test EN 10151 [53] with dimensions in mnfa) and example
of the prims ready to be teste¢b). From Zagaroli et al. J2].

(a)

lFmax,i

/ IFmax,i
Steel Plate /

Figure43: Compression tests conducted on samples of half prism, displaying the static s(@)earal view of
the relative sample positioned within the testing apparatby From Zagaroli et al212].

Figure44: Failed sample from-Boint bending test for MIX (a) and for IX2 (c). Failed samples from
compressive test for MEX (b) and MIX2 (d). From Zagaroli et al. [2].
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Table10: Flexurabnd compressive strength results for EN 1Q1553] test. From Zagaroli et al. 12].
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Additionally, conpressive tests were conducted on cylindrical specimens measuring
60 mm in diameter and 120 mm in height. The test adhered to the guidelines outlined in
EN1239013 [214] for pre-peak behavior but extended until the sample experienced
complete failure. Inthis 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'svasithe ratio of horizontal and
axial strain within the elastic range.

This range was defined at the same way for the calculation of the Elastic md&gultidizing

a secant value of stressid 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 obtainetbtigh an elastiplastic
bilinearization of the stresstrain relationship for each mix. The adopted bilinearization
entails fixing a secant stiffness at 0.75 of the peak compressive strdngtthe peak
compressive strength and determining the ultimaleformation by ensuring equal area under
the bilinear curve and relative experimental stresfgain, for each stresstrain.

Table 1 showcases the results for all the mixes. Axial and transversal stiess
relationships for both mixes are given igH5a-b for MIX1 and Fig. @a-b for MIX2, while
NEBflFIdA2yaKALA 2F t2Aaa2yQa NI GA2 & XabKor A y ONS |
both mixes.In terms of failure modes observed in compressed cylinders, both mixes typically
displayed three typs: conical failure, shedensile cracks extending throughout the entire
height of the sample, and a combination of these, rendering the sample unable to support
vertical loads any further (Fig84-b).

Table11: Cylindricacompressive test results for both mixes. From Zagaroli et &DJ[2
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Figure45: Axial stresg transversal strairfa) and axial strairfb) for MIX-1. From Zagaroli et al. 12].
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Figure46: Axial stresg transversal strairfa) and axial strairfb) for MI1X-2. From Zagaroli et al. 12].
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(b)

Figure48: Failure modes evidenced for cylinders in compression: tensile o@cksd conical expulsion from

the lateral surfacegb). From Zagaroli et al. 12].

Splitting compressive tests on series SCT ahtBSCT_129, consisting in cylinders with

the same dimensions of the ones used for compression were carried out in line with

ASTMC496 [215] for concrete. This test was performed adopting a displacercentrol test
setup with load rate of 0.01 mm/s pbsg the load on the lateral surface of the sample by
means of a plate steel bar (FigRadb). Measurements of the tensile strength and vertical
displacement during the tests are plotted for both mortar mixes (b@g-b). Vales of the

average peak splittig tensile strength are given in Table F2ilure modes did not show any

specific feature beyond the separation of the samples in two parts with no distinctions for the

two mixes (Fighl).

Figure49: Scheme of the splitting tesile strength tes{a) and typical sample ready to be tested in the test set

up (b). From Zagaroli et al. 12].

Table12: Average peak tensile splitting strength for both mixes.
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Figure50: Tensile strengtlg vertical displacement relationships for MIX{a) MIX-2 (b). From Zagaroli et al.
[212].

Figure51: Typical failed sane after splitting Ioad-for both mortars. Adapted from Zagaroli et d2]2

A detailed summary of all experimental results concerning standard flexural,
compressive, and splitting tensile strength tests on mortar prisms is presented in the
Appendix, aseferenced in Section 8.2

Finally, for the fracture energy tests on series FT_116 and FT_129, the standards RILEM
FMG50 [216] and JGE001 [217] both based on three points bending tests, are applied. The
main standard differences are related to the aseirements of the deflection for the first and
crack mouth opening displacement (CMOD) for the second standard in the formulation for
SOFtdz GAYy3a GKS FTNIOGdZNBE SySNHed® { LISOAFAOIf f &
where used. The notch dimensioage 5 mm in thickness and 30 mm in depth, with the depth
OK2aSy olFlaSR 2y | Af f S8),bwhibhBsio@estNIBiOR aynotShywith G A 2 v
dimensions ranging from 0.3 to 0.4 of the beam's depth. The load was applied in displacement
control by means of #ad actuator with maximum capacity of 5kN at a displacement speed
of 0.1mm/min. Static scheme with test sep details with measurements of both mid
deflection and CMOD were carried out with LVDTs @2gb). Loaddeflection and load
CMOD curves areqtted in FHg.53a-b for MIXx1 and in Figb4a-b for MIXx2.

Table B shows the values of the fracture energy evaluated according to RILENbGIJA5]
G- and JGB001[217] G.emop The failure modes observed in the beams resembled those
seen in standat prisms tested according to EN 1615 [53], with no distinction between the
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two mixes. Occasionally, fracture development across thespah of the beam exhibited
irregularities (Figs5).

(b) —— LVDTs

500.0 L
o —100.0 300.0 100.0

Figure52: Test setup for fractureenergy evaluatiorfa) and sample specifics with dimensions in rfish From
Zagaroli et al. [P2].

Tablel13: Fracture energy results according two different approaches for both mixes. From Zagaroli #]al. [2
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Figure53: Loaddeflection(a) and CMODOb) for MIX-1. From Zagaroli et al. 12].
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Figure54: Loaddeflection(a) and CMODOb) for MIX-2. From Zagaroli et al. 12].
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Figure55: Typical failed sample after splitting load. Adapted from Zagaroli etl].[2

3.3 Masonnbehavior tests

For small masonngpecimens several tests are conducted to assess compressive

strength, and diagonal tensile behavior. The tags for the testing series are as follows:

1 CT-for compressive tests

i ST-for shear triplet testsand

1 DCT-for diagonakcompressin tests.
Testprogranme and specification of the samples are presentedable 4. 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 usingntivéar
typesMIX-1 and MIX2 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 adpiftased on both the
initial rate of absorption of the bricks and the watetention properties of the mixtures. As
per the British standard BS 4551 @ 1water retentivity is defined as the capacity of fresh
mortar to retain water when in contact withbgorbent masonry units. This property is critical
because water loss can hinder the proper curing of the mortar. In literature, Sahu e2@l. [2
have demonstrated that prewetting has a positive impact on the mechanical properties of
masonry. However, usinsaturated bricks for masonry bricklaying can reduce the shear bond
AONBY3IGK 2F 0NR LIRS tedemly idexdifi€d Saf 20ptingali solktibndby  H
demonstrating that immersion for 30 minutes yielded the best shear bond properties for
masonry triplés, regardless of several briokortar combinations studied. In this research,
the indication from American standard ASTM C&2]2vhere it is suggested to preet clay
units with initial rate of absorption superior to 1.6 kgAmin). This value was theonsidered
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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Table14: Test samples and series for small mas@ssemblage.
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3.2.1Shear triplet test

Shear triplet tests (Fig.68) were conducted in accordance with EN 135B3] to
assessinternal 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 maheain
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) wkzeduton the
same side of the specimens (Figbband average relative displacements was calculated for
each sampleDifferent failure modes were evidenced between triplets made of mortar-MIX
and MIX2. Triplets made of mortar containing more air lintewed 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 1®§2] as for failure type A-A.2)
Triplet specimens constructed with ntar 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 [93], particularly under high preompression levels P.

(a) lFmax,i
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219.0

Figure56: Static scheme for the shear triplet tefg) and typical triplet ready to be teste().

Relationships between vertical load applied and relative vertical displacements for
both mixes are plotted in Fig7&b. The ultimate displacement being casered corresponds
to the complete loss of vertical strength, even if the accuracy of load control setups after the
postpeak softening behavior is not precise. Elevated levels ofcpnepression lead to
a higher vertical shear load. Moreover, test resultseal that the average shear strength of
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triplets with mortar MIX2, tested with the lowest level of preompression, is lower than that
of triplets made of mortar M4 with the equivalent level of preompression, as expected.
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Figure57: Vertical load F and vertical relative displacement for different level otprepression p of triplets
made of mortar MIXL (a) and MIX2 (b).

This difference anyway is going to reduce by increasing level of vertical loads, showing
a contary trend for the highest level of preompression. 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 (Fg),%hereas
triplets made of mortar MI>2 display crushing and splitting failure of the units (F&p)5In
the last case, the coefficient of variation is also higher compared triplets oflMirtar.
Values of the shear stress for each test together ofdherage values of the shear stresses
associated with the different preompressive levelare given in Tale 15.

Tablel5: Shear stressesnormal precompression stress of masonry triplets.
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Figure58: Typical failure mode for triplets made of mortar MIXn correspondence of the highest level of p
for mortar MIX1 with failure at the interface mortabrick (Type A.)(a)and MIX2 with shear failure along the
brick (Type A.4]b).

3.22 Compressive tests

Compressive strength tests were conducted on six wall samples according to
EN 10521 [97] standard. To comply witthe 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, wdical and horizontal deformations were measured using four LVDTs
positioned on both sides of the panelEhe lengths of theerticalmeasuring bases werkr5
mm, while the length of the horizontal ones were 221 m@eometry and measurement
positions are yen in figure Fig.%a-b.

(b)

527.0

102.0

4420

Figure59: Dimensions of the chosen wallettes for masonry compressive testing align with the specifications
outlined in EN 1052 [97] (a) and typical sample in the machine ready to be testied

Results in terms of axial stresgrain for both mixes are given in Fi§0a-b.

Experimental results revealed a peak compressive strefigtdf 8.40 MPa when testing
masonry made of MEX and 6.98 MPa for M#X, respectively. Elastic modulls 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.

+| fdzSa 2F GKS RdzOGAfAGE > A& eariZtio@probesstuedzt | G SF
for mortar samples, accounting for the pgstak 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 thechanical parameters analyzed are given
in Table &.
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Figure60: Experimental results in terms of compressive axial stress and strain for masonry madelofaylixX
and MIX2 (b). Different color for each test performed.

Tablel6: Mechanical parameters of masonry tested in compresstatapted from [223].
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The crack patterns identified in various samples indicate that masonry constructed with
mortar MIX1 (116) and MR (129) did not exhibit any significant distinctions, with
deformation initiating at the edgef the specimerefore speading towards the center of the
panels. This crack development involved both bricks and head joint§1&ily). A comparison

of the experimentalresponse of stack bonded prisms and walletteade with the same
materialare given in literature 223].

(a) (b)

Figure6l: Crack development for masonry made of mortar MIf&) and MIX2 (b). Cracks evidenced with red

lines.Adapted from 23].

61



The Appendix, specifically Section 8.3, presents a detailed overview of the
experimental result related to the compressive behavior of masonry wallettes.

3.2.3Diagonatompressionests

The diagonal shear capacity of masonry elements was assessed for determining
masonry tensile propertieg case of cracks agreed with the principal stress @hiegonal
direction) in accordance witRILEM112] regulations The analysis included the examination
of three specimens for each investigated solution, associated here with two cddés:

1 DCT_x and MiX DCT_x, where x ranges from 1 to 3 for each sanNotably, MIXL and
MIX-2 denote the two types of mixes previously defined.

Tests were conducted utilizing a lohgldraulic jackvith 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 ynasonr
made of mortar MIXL and MIX2, 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 propegaasiorder 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 fastting cement mortar on the top and bottom
of the walls and additional wood plate elementstiveen the steel shoes and the walls.
Selected dimensions for the wallettes and test set up details are given. B2&ig.

Two distinct measuring systems were employed on the two sides of the walls. On one
side, displacements along the diagonals were aswed using two linear variable
displacement transducers (LVDTSs) 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 test 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 \Baith.
measurement systems are shown in.Fagab.

(@) 1015 (b) |
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Figure62: Dimensions of wallettes for diagonal compressive tgstsand typical wallettes in the setp before
the tests(b).
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measurement system

The differences in the relative distances of the measurement points along the
horizontal (H) and vertical (V) diagonals from the two systems, correspg to the two
different faces of the walls, were averaged. These averages were then used to calculate
horizontal &, vertical¥y, and angular shear deformations relative to each wall. However,
during the tests, minor variations between these measuratrsy/stems were observed, with
sometimes more pronounced differences in the vertical relative displaceméntghe
following Fig 64a-b and65a-b, examples of different measurements highlighted during the
tests for both mixes are shown.
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Figure64: Minor differences between LVDT measurements on one side of the wall and DIC measurements on
the other side for wall MIX_DCT_1a), while pronounced differences in vertical displacements observed for
wall MIX1_DCT_Zb).
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Figure65: Pronounced differences between vertical LVDT measurements on one side of the wall and DIC
measurements on the other side for wall MRXDCT _1a), while minor differences in vertical and horizontal
displacements observed for wallIX-2_DCT_Zb).

Table I shows the results of the mechanical properties at peak load in terms of shear
and deformation propertiedrom eq. (17-22) for all the samples. Furthermore, the shear
stiffnessfrom this test,Gocris determined by consideringrange of shear stregs) to shear
deformation(*), spanning fronil(0% to40% of the peak value€onsidering the load control
test set up, a preeak ductility>pc factor is then calculated as the ratio of the shear
deformation at peak’ peay and 70% 7099 of shear stress in the monotonic branch.

T T T x—Ua (17)
] 3w (18

5
] 3( (19

5
reo- - (20)
o T p T bp (22)

° r =] r p
‘ J (22
b

Where _peak and Poeak are the peak shear stress and peak diagonal load applied
respectivelyAnis the net cross section of the walles, determined as the average ib$ width
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and height multiplied by itthickness®, and¥y are the axial deformations of the vertical and
horizontal LVDT on masonry panel, defined as the ratio ofthgiagonal vertical shortening
andn Idiagonal horizontal elongation, divided for the length of the galugerequal for bah
directions in this case _s0% and ‘4% are the shear stress and shear deformation in
correspondence of thel0% of peak load.i0% | Y Row are the shear stress and shear

deformation

in correspondence of thel0% of peak load.Although no specific

recommendations are currently available for the determination of shear stiffnessgeral
Authors pP24-225| proposes to calculate this value in this range as reasonably corresponding
to a linear segmentFig.66ab illustrates the relationship between shear steeand shear
deformation for both mortar mixes. Within these plotsclear linear range can be observed

in the shear stresstrain behavioifor the evaluation of the shear modulus.

0.8

0.8

| (a)

Shear stress [MPa]
o ©o ©o o o o
5] w o w [+)] ~J

o
o

0

—MIX-1_DCT_1
—MIX-1_DCT_2

—MIX-1_DCT_3

°
~

o
o

Shear stress [MPa]
o
B

T
0 0.0002

T
0.0004

T T
0.0006  0.0008

Shear strain [-]

T T
0.001 0.0012

0.0014

| o)

—MIX-2_DCT_1
MIX-2_DCT_2

MIX-2_DCT_3

0

T
0.0002

T
0.0004

T
0.0006

T
0.0008

Shear strain [-]

T T
0.001 0.0012 0.0014

Figure66: Experimental shear stresshearstrain relationshipsfor masonry made ofnortar MIX-1 (a) and
MIX-2 (b).

Results from the tests, in terms of failure mode, are presented in Figb 6Far 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 #e@d joints and the brick units,
highlighting the composite nature of the failure mechanism. In these ctsenjalls exhibited
a distinctly brittle failure mode, characterized by an abrupt loss of-wadying capacity and

sudden collapse.

Tablel7: Mechanical parameters of masonry wallettes tested in diagonal compression.

{FYLX S2 Eb“f“‘b( FOUR TN ST S ISR
aLlmyps5/ ¢yn 7TTONV ndcrmdnn ndan. ndPnn PpyHP® HPp)
aLlmys5/ ¢cYr ypdo ndcymdnn ndnn. n®nn MNOHH HOT)
almys5/ ¢Pc podd ndrymdPnn ndann. ndan. mo H H®MC
alm 5/ ¢yn cndd npbH mdPnn ndnn. ndann. mpcn H®H?1
alm 5/ ¢Pr cHdPo ndpsymdPann ndnn. ndnn. MH o HOnt
almyp5/ ¢cPc cpdPc ndPprmd®nnan ndnn. ndnnan. MnnaT oDy
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Figure67: Failure mode of masongpecimensnade of mortartypeIX-l (116)(a) and made of mortatype
MIX-2 (129)(b).

3.3 Large scale tests

This section describes the test setups and main experimental outcomes from masonry
testing of largescale elements, highlighting the methodologies used and the key @sdin
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 masaalys 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 motiges used.

3.3.1URM wab under static vertical shearing

In this study, the vertical deformative behavior of masonry walls is examined using a
simplified test setup designed to replicate theplane flexural behavior of masonry. This
approach is snilar to the tests conducted on the vertical response of deep concrete beam
deflection, where testing literature is wider28]. Masonry walls, constructed with the two
previously described mortars and measuring approximately 1800 x 1300 mm, are considered
for testing (Fig. 8). The primary focus, beyond the differences in materials, is also on the load
application method and the static schem@pecifically, the vertical load is applied at two
distinct points, as shown in Fig.an addition to the increasg actuatorinduced vertical load
P, the seHweight of the wall(app.4 kN)and the instrumentation components, such as the
load distribution bean{app. 1 kN)also act on the supports during the loading stages.

As a result, two walls are tested forakamaterial type, using the same terminology as
in the previous test VS_x_s, where x represents the material type (116 or 129 for the two
mixesMIX-1 and MIX2, respectivelyand s indicates the load application distance, which can
be eithers=600 mm @ 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
speedof 1kN/s, utilizing an actuator with a maximum capacity of 1880 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 shiowg. 70and a review

of the tests is given ifable 1.

Figure68: Dimensions (mm) of the walls subjected the in plane vertical loads.

Figure69: Static diagram showing the shear force distributeord load application method, whei
represents the increasing vertical load applied by the actuator,Rmrresponds to the load due to the self
weight of the wall and testing instrumentation.
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