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Abstract  9 

The structural performance of historical masonry elements can be understood provided the following 10 

factors are known: geometry; the characteristics of its masonry texture and morphology, state of 11 

damage and decay, physical, chemical and mechanical characteristics of the components (units, infill, 12 

mortar); the characteristics of built masonry as a composite material. In order to quantify the 13 

mechanical properties of the masonry both laboratory and in-situ tests are required. However, in the 14 

case of cultural heritage assets, the setting up of an effective knowledge procedure is strictly related to 15 

the minimization of invasiveness on the structure, with the aim of its conservation, rather than the 16 

cost-benefit optimization: thus it is essential to have available reference parameters to be adopted for 17 

different masonry types. Within this context, this State-of-the-Art paper on this topic is organized with 18 

integrated outcomes from the test campaigns carried out through the PERPETUATE project, that are 19 

also briefly presented. Reference parameters for effective seismic assessment are provided both for 20 

brick and stone masonry together with their upper and lower bound values for both mechanical 21 

parameters and damage limits (DL) for which proper limit states (LS) may be associated. Apart from 22 

the LS for structural elements (SE), the relevant LS’s for artistic assets (AA) attached to the SE are 23 

also presented in this paper. 24 

Keywords: historical masonry, masonry classification, testing procedures, reference parameters, 25 

performance limits  26 

1. Introduction 27 

The reliability of the seismic assessment is strongly influenced by the completeness and the accuracy 28 

of the surveying and investigations aimed at reducing all of the uncertainties involved. For cultural 29 

heritage assets, acquiring the documentation is of even greater importance than for existing ordinary 30 

buildings. In fact, the complexity of ancient masonry buildings, often subjected to many 31 
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transformations during their life-time, would require a detailed investigation of almost all structural 32 

elements, since it is difficult to extend data acquired in one single point to other parts of the building. 33 

In some cases the diagnostic activity may be very intrusive and not compatible with the conservation 34 

policy for the asset of interest. Finally, the testing campaign may be very expensive and it is necessary 35 

to consider also the available budget for retrofitting measures. Thus, it is necessary to find the optimal 36 

balance considering all of the above mentioned aspects. With this aim, within the framework of the 37 

PERPETUATE project (Lagomarsino et al. 2010), in Cattari et al. (2014) the use of a sensitivity 38 

analysis as a tool, on one hand to optimize the plan of investigations and tests (limiting it to what is 39 

really relevant for the adopted modelling strategy) and on the other hand, to be aware of the reflection 40 

of uncertainties in the final outcome of the assessment is illustrated. The information that has to be 41 

collected is both of a qualitative nature (mainly related to properties such as construction details, 42 

quality of connection between structural elements etc.) and a quantitative nature (mainly related to 43 

geometry and material parameters). Both must be considered to define the most reliable models to be 44 

adopted for the assessment of the asset. In (Bosiljkov et al. 2010a) a comprehensive State-of-the-Art 45 

report related to the use and reliability of several test methods (non destructive – ND, minor 46 

destructive – MD and destructive - D) to investigate all the aforementioned aspects is presented. While 47 

in general morphologic properties can be investigated effectively through different ND and MD tests 48 

(as briefly summarized in Table 1 depending from various problems quite common in historical 49 

buildings) or by the data fusion of their results (Cotič et al 2013, 2014), the characterization of 50 

mechanical properties would require both laboratory and in-situ tests.  51 

Table 1: Investigation of morphological properties through ND and MD tests (Bosiljkov et al. 2010a) 52 
Morphologic properties 

Parameter examined Appropriate ND and MD methods 
N1 N2 N3 N4 N5 M1 

Thickness of structural element, which are only accessible 
from one side (e. g. basement, vault, etc.)    x x x 

Location of detachments x   x   
Detection of multiple layers of masonry, determination of the 
thickness of single layers    x x x 

Location of detachments of the outer layer    x x x 
Location of constructive mounting-parts (anchor, dowel, hook, 
bar etc.)  x  x  x 

Investigation of homogeneity of masonry   x x x  
Location of larger voids (e. g. wall heating, chimney, previous 
opening of the wall)   x x x  

Investigation of masonry structure behind plaster x   x   
Location of non-visible cracks with crack components parallel 
to the surface x   x x  

Legend of ND: N1 - Active thermography; N2- Pachometer; N3- Sonic test; N4- Radar; N5- Ultrasonics;  
Legend of MD: M1- Endoscopy 

The results gained from laboratory tests on similar materials as those used in existing structures may 53 

be less conservative in the case of existing buildings since the ageing and decay of the material cannot 54 

be adequately reproduced in laboratory conditions. For design purposes, whenever possible, the 55 
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mechanical properties may be also obtained by considering the results from laboratory tests of similar 56 

walls, while keeping in mind the decay phenomena (Kržan et al. 2014). Despite this, in the case of 57 

masonry structures, due to its intrinsic heterogeneity, and even more in case of cultural heritage, a 58 

comprehensive investigation campaign is necessary in order to obtain a sufficient statistical sample: 59 

this, in the majority of cases, is not compatible with conservation aims. Thus, the availability of 60 

reference datasets of parameters to be adopted in models is of fundamental importance for the 61 

effective seismic assessment. For this purpose, usually at a country level, provisions for the 62 

characteristics of different masonry textures and morphologies for one region exist in a form of tables 63 

with reference values to be adopted in design (CSA 1994; Lourenco 2012; MIT 2009; SIA 2003). 64 

Despite the past efforts, this issue is still problematic due to the presence of a large variety of masonry 65 

types. 66 

Masonry is a composite material created as the assembly of elements (units) which may be either of 67 

natural sources (stone) or artificial (bricks), laid in courses or randomly distributed, often with infill 68 

material between the leaves resulting in complex links and interactions between the different 69 

materials. Thus, from the structural point of view, masonry must be considered as a composite, 70 

heterogeneous, nonlinear structural material with properties which depend on the properties of the 71 

components – the units, mortar and infill and their volume ratio and bond properties of the composite 72 

assemblage. Unlike contemporary masonry, historical masonry may be characterized by different 73 

types of units (both by origin and shape) as well as multiple leaves which, under some loading 74 

conditions, may jeopardise the monolithic response of the masonry. Thus the in- plane or out-of-plane 75 

failure of historical masonry can be the result of the failure of one of its components or the failure of 76 

the masonry as a composite. The mechanical response of a historical masonry assemblage depends on 77 

various characteristics such as:  78 

• the material composition of the various elements (stones, pebbles, bricks, adobe, etc. also used 79 

in a mixed fashion);  80 

• the assembly techniques (dry wall or by using mortar, with the thickness of mortar joints being 81 

important);  82 

• the quality of the texture and morphology of the assemblage;  83 

• the conservation state and decay of the built-in material; 84 

• the dimensions and the shape of the structural elements (SE);  85 

• other details (such as edging, inclusions, connections etc.). 86 

Historical masonry generally demonstrates elastic-brittle behaviour (in comparison to other building 87 

materials), with a much lower resistance to tension and principal tension stresses compared to that of 88 

compression, but nevertheless significant (see Turnšek et al. 1971). Mortar and bond strengths also 89 

demonstrate elastic-fragile behaviour under direct tension and their resistance is almost negligible. 90 

However under compression and shear, the behaviour of mortar is ductile, strongly nonlinear and may 91 



 

4 

govern the overall behaviour of the masonry. Thus, for numerical modelling purposes of historical 92 

masonry, the units are usually considered as a linear elastic material, while depending on the 93 

combination of applied stresses, the overall behaviour of the masonry can be regarded as nonlinear. 94 

In masonry, the units are placed in successive layers, generally in a horizontal manner. This 95 

determines the formation of mainly continuous bed joints and staggered head joints forming the 96 

characteristic pattern (texture) that may greatly influence the shear behaviour. The type of masonry 97 

bonding between each leaf influences the compression and out-of-plane behaviour and overall 98 

resistance of the masonry assemblage. In the case of masonry with two or more leaves, the presence of 99 

elements that connect both leaves may significantly improve the resistance of the masonry assemblage 100 

(Figure 1-a). 101 

a)  b) 

Figure 1. a) important parameters for the improvement of monolithic response of historical masonry 102 
(adapted from Wigger et al. 2000); b) interpretation of symbols used in the text. 103 

 104 

Within this context and following the research obtained through the framework of the PERPETUATE 105 

project (Lagomarsino et al. 2010; Bosiljkov et al. 2010a; Bosiljkov et al. 2012), this paper proposes 106 

firstly, a review of tools for classifying different masonry types (§2), mechanical parameters (§3) that 107 

characterize their behaviour at different scales (from single constituents to small assemblage and 108 

panels) and then a unified set of reference values to be adopted for the performance-based assessment  109 

of historical brickwork and stonework masonry (§7). The latter is based on both the review of results 110 

available in the literature and the codes and the testing campaigns carried out in Slovenia through the 111 

PERPETUATE project on both in-situ and laboratory masonry specimens (as illustrated in §5 and §6, 112 

respectively). Moreover, in §4 the use of the mechanical parameters introduced is briefly discussed 113 

within the context of various modelling strategies, with the attention focussed on the in-plane 114 

behaviour of masonry and models that are effective at a structural element scale. Here it should be 115 

noted that some of numerous analytical formulations presented in this chapter have certain limitations, 116 

since they all have origins from contemporary masonry. Their efficiency is discussed in Kržan et. al 117 

(2011). The symbols used in this paper are based on the EC6 (Eurocode 2006), EC8-3 (Eurocode 8, 118 



 

5 

2005) and FEMA (FEMA 306, 1998) code requirements, however adjusted to reflect the specifics of 119 

historical masonry and explained in Figure 1-b. 120 

2. Classification 121 

There is no universal classification of different masonry typologies. They all represent the state of 122 

development and technical achievements of a particular culture in a certain area and time. Regarding 123 

old Greek and Roman masonry found in the Mediterranean basin, some general classification can be 124 

found in Marcus Vitruvius (1960) and Davies and Jokiniemi (2008). In a more broader aspect 125 

regarding the type of the unit used to build masonry, a more general division of historical masonry can 126 

be made on stone, brick, adobe and rubble masonry (Carbonara, 1996; Giuffrè, 1990). By considering 127 

the technology of the production of masonry courses and the level of dressing of stone units, further 128 

division may be made for stone rubble masonry as: uncoursed random rubble; coursed random rubble; 129 

uncoursed squared rubble; coursed squared rubble; built to regular courses masonry; polygonal rubble; 130 

flint rubble; and dry rubble (mortarless) masonry. Ashlar masonry can be further classified as fine, 131 

rough tooled, rocked or quarry faced, chamfered, block in course or solely ashlar facing masonry.  132 

Apart from the type of unit and mortar, two main characteristics of stone masonry that determine its 133 

behaviour under different types of in and out-of-plane loading are its texture and morphology. 134 

Depending on the technology of coursing and dressing of the units, the textures of masonry than be 135 

further classified (Binda et al. 2007) as “non” (NF), “partly” (PF) or “fully favourable” (FF) in respect 136 

of various loading conditions (Figure 3). 137 

For composite (multi-leaf) masonry cross-sections, the apparent texture does not necessarily contribute 138 

to the overall behaviour of masonry and determine the mechanical characteristics of built masonry. 139 

Thus for composite cross-sections, where the thickness of outer leaves is negligible in comparison to 140 

the gross section, the apparent texture is not of significance for the determination of the behaviour of 141 

the masonry. In respect to the morphology of historical masonry three distinguishing typologies of 142 

morphology (Figure 2) can be identified as (Binda et al. 2003): 143 

• Single leaf: stone elements are bound together using mortar, stone elements may be 144 

characterized by irregular or regular shapes and the mortar joints are normally thick and 145 

horizontally or sub-horizontally inclined. Otherwise, stone units can be regular, staggered and 146 

placed on horizontal courses. 147 

• Double-leaf: two different layers can be identified on the cross section. Nevertheless, this 148 

typology can be differentiated in two further sections: attached leaves, which are completely 149 

separated by a vertical joint formed from mortar or voids; interlocked leaves, where stones of 150 

subsequent courses of opposite layers are slightly overlapped. 151 

• Three-leaf: two load-bearing external leaves with higher thickness and an internal core 152 

comprised of stone fragments, normally in incoherent form and without any bound element. In 153 
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some cases, a transverse connection is provided by irregularly disposed and through-the-154 

thickness elements. 155 

 
     

a) Single leaf b) Double-leaf c) Three-leaf 

Figure 2. Classification of masonry in respect to wall sections (morphology) (Binda et al. 2007) 156 

 157 

For multi-leaf masonry the level of connection between the leaves determines the monolithic response 158 

of masonry and according to the RELUIS methodology of assessment of historical masonry 159 

(Lagomarsino and Magenes 2009; Binda et al. 2007) it can be classified as presented in Figure 3. 160 

Masonry texture Staggering of head joints 

NF PF FF NF PF FF 

   
   

Mortar in joints (nature, thickness, decay) Dimension of units 

NF PF FF NF PF FF 

   
   

Connectivity between leaves (interface) 

NF PF FF 

   

Figure 3. Classification of masonry following visual inspection according to the RELUIS methodology for 161 
the assessment of the quality of built masonry (after Giuffrè 1990; Borri 2006; Binda et al. 2007; 162 

Lagomarsino and Magenes 2009; Bosiljkov et al. 2010b) 163 

Following the above mentioned review, visual identification of the masonry can be based on three 164 

main parameters: texture, morphology and characteristics of the constituents; further criteria that 165 

characterize each of them are presented in Table 2. Moreover, in Borri (2006) and Borri and De Maria 166 

(2009), a procedure to classify historical masonry based on the assignment of a Masonry Quality Index 167 



 

7 

(IQM) is proposed. This is based on the examination of the aforementioned historical masonry 168 

features; in particular, numerical scores structured in three levels as a function of the “rules of art” of 169 

various factors (as illustrated in Figure 1) are combined to compute the IQM index aimed at assigning 170 

a judgment of the masonry quality and to also compare different masonry types. 171 

Table 2: Classification of main elements for the identification of the type of masonry (after Binda et al. 172 
2007) 173 

Texture Morphology Characterization of the constituents: 
- Structural role 
- Type of masonry 
- Banded horizontal 

courses 
- Banded different types 

of masonry 
- Presence of wedges 
- Horizontally coursed 

layers 
- Staggering of perpend 

joints 
- Length of plane of the 

weakness 

- Typology 
- Type of section 
- Thickness of the section 
- Presence of wedges 
- Distribution of voids 
- Size of the voids 
- Banded different types 

of masonry 
- Presence of 

headers/cross stones 
- Length of plane of the 

weakness 

Units: 
- Type of unit 
- Source 
- Workmanship 
- Conservation 
- Regularity of the units 
- Size of the units 

Mortar: 
- Function 
- Colour of mortar 
- Colour of the aggregate 
- Type of the aggregate 
- Consistency 
- Shape of the aggregate 
- Quality of mortar / 

condition / bond strength 

Finally, it should not be forgotten that the conservation state of the masonry should always be 174 

regarded with respect to the decay of the material over time. While some of the manifestation of the 175 

decay can be solely related to aesthetics (surface changes – change of colour, sedimentation, 176 

transformation etc.) others relate to physic-chemical parameters (disintegration, layering, crushing, 177 

loose material etc.) which may significantly influence the mechanical properties of the constituents 178 

and consequently of the masonry (Binda et al. 2007; Lourenco et al. 2014). 179 

3. Mechanical properties of masonry at a scale of a single constituent, small assemblages and 180 

panels  181 

In this section, a list of mechanical parameters commonly used to characterize the behaviour of 182 

masonry at different scales - that of single constituent, small assemblage and panel – is presented 183 

together with reference values found from the literature survey. 184 

3.1 Units 185 

Stone units 186 

For the Mediterranean region, different types of units (depending on their source) may be defined as: 187 

sandstone, limestone, travertine, limestone, clay and mud-bricks.  When the masonry unit does not fall 188 

into one of these six categories, "other" types of units may also be defined. The source or the origin of 189 

the stone unit may be defined as “local excavation, gravel or quarry”. In this regard, even for the same 190 

region of origin, multiple options are also possible resulting in significant differences in properties of 191 

the rocks (Moropoulou et al. 2006). The type of stone unit may also be defined from the workmanship 192 

or processing of the stone (dressed or rough) prior to laying. In this regard six types may be 193 

distinguished as in Figure 4: a) rubble stone, b) hewn stone in the form of slate, c) cyclopean stones, d) 194 
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squared rubble with one face not finished, e) squared roughly tooled rubble and f) ashlar unit with 195 

finished edges and faces in smoothed view. 196 

a) b) c) 

d) e) f) 

Figure 4. Classification of the units depending on the workmanship (Peulić 1976) 197 
The characterization of the components of the masonry can be performed on-site or on samples taken 198 

from the site and later examined in a laboratory. The most common properties of interest for the 199 

characterization of masonry units are porosity, density, water absorption, hardness, thermal expansion, 200 

compressive and tensile strength and modulus of elasticity. For the evaluation of structural 201 

performance, depending on their origin, some of the characteristic values for stone units are presented 202 

in Table 3.  203 

Table 3: Mechanical properties of various rocks (after Jäger et al. 2010; Schubert 2009) 204 
Type of stone * Density Compressive 

strength - fbc 
Flexural 

strength - fbx 
Normal modulus of 

elasticity - Eb 
Porosity 

 [kg/dm3] [MPa] [MPa] [GPa] [%] 
Volcanic/Magmatite rocks 

Basalt 2.74-3.20 160-400 15-25 50-100 0.7-29 
Diabase 2.80-2.90 180-250 15-25 - - 
Basalt 2.20-2.45 80-150 8-12 - - 
Granite 2.55-2.80 80-300 10-30 35-80 0.1-2.0 
Tuff - 5-40 1-4 4-10 20-50 

Sedimentary rocks 
Greywacke 2.58-2.73 15-300 13-25 - - 
Limestone, Dolomite 2.65-2.85 80-180 6-15 15-80 0.1-35 
Limestone, soft 1.70-2.60 20-90 5-8 5-20 0.1-35 
Travertine 2.40-2.50 20-60 4-10 - - 
Quartz sandstone 2.00-2.65 30-180 3-15 - - 
Sandstone, siliceous 2.60-2.65 120-200 12-20 10-70 1-29 

Metamorphic rocks 
Gneiss 2.65-3.00 16-280 13-25 25-80 0.5-4.0 
Marble 2.65-2.85 80-180 6-15 15-80 0.4-2.0 
Serpentinite 2.60-2.75 140-250 25-35 - - 
Slate 2.60-2.80 - - - - 
Quartzite 2.60-2.65 - - - - 

* note that for some rocks depending from their components and state of degradation significantly lower values can be 205 
obtained, e.g. for sandstones lower bound may be down to 6 MPa. 206 

Clay units 207 

There was a wide range of clay bricks used in ancient masonry. Whether they are sun dried or burnt in 208 

a kiln, we can classify them as adobe (lat. lateres) or brick units (lat. tegulae) (Marcus Vitruvius 209 

1960). Their shape can vary (square, rectangular, triangular or round) as can the size of the units 210 

depending on the bricklaying tradition and practices. Due to this wide variation, it is beyond the scope 211 

of the present paper to provide a more detailed overview. Since ancient bricks were burnt in traditional 212 

wood/coal kilns and were handmade, they are characterized by high porosity (20-35%) and rather low-213 
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moderate compressive strength (4-32 MPa). Their density may range between 1200 and 1900 kg/m3. 214 

There is no standardized procedure for the determination of the tensile strength of brick units. 215 

However, the most convenient procedures are through splitting-tensile or flexural test. Depending on 216 

the test procedure (axial – fbta, splitting-tensile - fbts or flexural test - fbx), different ratios of tensile vs. 217 

compressive strength may be expected (fbta / fbc ~ 2.5% and fbts / fbc ~ 6.5-10%). The modulus of 218 

elasticity Eb may vary from 1 to 18 GPa, with most common values in the range of 200–350 fbc 219 

(Lourenco et al. 2014).  220 

Adobe units are made of clayey earth, consisting of 30-40% clay and 70-60% earth mixed with water. 221 

Usually straw was added in order to reduce and prevent cracking during the sun drying process.  Their 222 

dimensions may vary significantly, while fbc is very low and may vary from 1.0 to 3.0 MPa, Eb may 223 

vary from 0.4 to 2.0 GPa, while the porosity may reach 50%. Adobe units are highly sensitive to  224 

varying  moisture contents (Lourenco et al. 2014). 225 

3.2 Mortar 226 

Mortar is used to provide uniform bedding for the units, to level the courses and to fill the gaps in the 227 

masonry. The first mortars consisted of clay or clay-straw mixtures. However, mortar has improved 228 

through the centuries. The Greeks and Romans mixed putty lime and water with sand and crushed 229 

stones, producing the earliest type of concrete. Later the Romans mixed putty lime with pozzolana (a 230 

volcanic ash) and produced pozzolanic mortars and concrete. When the pozzolana was not available, 231 

the Romans also mixed putty lime with crushed and powdered bricks to obtain hydraulic mortars 232 

(capable of hardening under the water). They used this material not only in Rome but wherever 233 

hydraulic mortars were needed (Chidiac 2000). In the eighteenth century, hydraulic lime was 234 

introduced, followed by Portland cement in the early nineteenth century. Combining Portland cement 235 

with sand, lime, and water produced a much stronger mortar than was previously possible. As a result, 236 

both hard and soft mortars were available, depending on the proportions of cement and lime. Similar 237 

to stone, the properties of mortar used in masonry are quite variable. In addition, the weathering 238 

characteristics of mortars, especially of the early mortars, depend very much on local exposure 239 

conditions and the thickness of the joint.  240 

The properties of historic mortars may vary considerably depending on the position of the samples 241 

within the masonry assemblage. Due to the decay process, surface samples may have deteriorated and 242 

apart from the repointing aspect, are less useful for the structural characterization of built up masonry. 243 

In the following table some results of tests (Schäfer et al. 1993; Houben et al. 1994; Müller et al. 2008; 244 

Magalhães et al. 2009; Schubert 2009) made on historical mortars are presented, where fmc is 245 

compressive strength and Em is modulus of elasticity of mortar. 246 

Table 4: Mechanical properties for mortars depending on binder type  247 
Binder Earth Lime Hydraulic lime Roman cement Portland cement 
fmc [MPa] 0.5-3 0.5-3 2-10 5-20 10-50 
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Em [GPa] < 1 1-5 5-15 - 20-30 

3.3 Joints 248 

Together with the mortar and the unit, the bonding of these components is the third constitutive 249 

element of the masonry. The bond strength of the mortar - unit interface fjx depends on the surface 250 

absorption properties of the unit (porosity, initial rate of absorption, etc.) as well as the properties of 251 

the mortar itself. The bond strength of a weak mortar (fmc = 1-3 MPa) measured using a bond wrench 252 

test was found to range from 0.01 to 0.13 MPa. However, for mortars with high pozzolanic content, 253 

values up to 0.6 MPa may be achievable (Bosiljkov et al., 2012), depending on the unit porosity and 254 

the mortar properties. 255 

3.4 Masonry assemblage and panels 256 

From the above it may be concluded that the characteristic mechanical properties of masonry depend 257 

on numerous combinations of a range of factors which result in a wide variety of data. The applicable 258 

rules and principles for the determination of the mechanical parameters to be considered in the seismic 259 

design of contemporary masonry are only partly applicable to the assessment of historical masonry. In 260 

this section, mechanical parameters that define the behaviour of a masonry assemblage (compressive 261 

strength - fMc, initial shear strength - fv0, coefficient of friction – µ, modulus of elasticity - EM, shear 262 

modulus - GM) or that are commonly introduced to interpret the response of structural panels (diagonal 263 

tensile strength - fMt) are presented and discussed.  264 

Compressive strength 265 

Unlike brick masonry, where fMc can be assessed from the strength properties of brick and mortar (1), 266 

for stone masonry this is not the case (unless considering ashlar masonry or regularly dimensioned 267 

stone masonry with regular thickness of the joints). Due to the lack of adequate testing equipment, the 268 

first design guidelines for the assessment of stone masonry compressive strength made by Baker 269 

(Chidiac 2000) were unsafe (fMc were from 1/20 to 1/10 fbc ). Since the mortar joints represent planes of 270 

weakness within the masonry assemblage, their thickness, elastic properties and volume proportion 271 

significantly influence the compressive behaviour of a masonry assemblage. The thinner the mortar 272 

joints in relation to the height of the masonry unit, the stronger the masonry will be. At the same time, 273 

however, enough mortar must be used to ensure even bedding (stones should not touch each other) and 274 

a uniform transfer of stress between stones. The smaller the amount of mortar, the more the 275 

compressive strength of the masonry depends on the type of unit used. 276 

In the literature there are several theoretical models for the determination of fMc (summarized in 277 

Bosiljkov 1996), however all of them are applicable solely to brick masonry or single wythe ashlar 278 

masonry with regular joints. Most of them consider also the unit/mortar aspect ratio and its influence 279 

on the resulting fMc. This may be of particular importance for  masonry with very thick mortar joints. 280 

For regular contemporary stone masonry, according to the EC6 provisions, if no test data are available, 281 
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the characteristic compressive strength of stone masonry may be calculated from the normalised 282 

compressive strength of the unit fbc,n and mortar fmc using: 283 

      Equation 1 284 
where coefficient K is equal to 0.45 for stone ashlar masonry and 0.60 for brickwork masonry. 285 

Modulus of elasticity 286 

The modulus of elasticity may be determined either through laboratory or in-situ testing (Figure 5) and 287 

is usually determined as the secant modulus (up to 1/3 fMc). This is mainly to allow for the closure of 288 

the mortar-unit junctions in the early stages of loading that result in a flattened stress-strain diagram. 289 

In the absence of experimental values, EC6 prescribes that EM modulus may be determined as 1000 290 

fMc. In the literature this ratio (EM/fMc) may range between 500 and 1000, with a lower bound range up 291 

to 80-140 (Bosiljkov et al. 2012; Lourenco et al. 2014). 292 

Shear modulus 293 

A simple design assumption using a Poisson’s ratio of 0.25, gives the usual isotropic equation for the 294 

shear modulus as GM=0.4 EM. This ratio is also presented in almost all national masonry building 295 

codes, including EC6. By considering the orthotropic nature of masonry, through the application of 296 

homogenization procedures, the adoption of lower ratios could also be justified, such as GM=EM/3; this 297 

latter ratio is assumed for the reference values proposed in MIT 2009 and also supported by the results 298 

of some experimental campaigns (e.g. those illustrated in Magenes et al. 2010 related to the response 299 

of undressed double-leaf stone masonry panels).  300 

 

 

 
a)  b)  

Figure 5. Determination of the mechanical properties of masonry assemblage in compression: a) masonry 301 
specimen for compressive test and determination of elastic modulus – laboratory conditions; b) 302 

determination of elastic modulus by double flat-jack testing method – in-situ tests. 303 
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Shear modulus determined according to these ratios relates to the uncracked or intact masonry. Thus 304 

for seismic design purposes (according to EC8-3 where 1/2 of initial stiffness should be considered) it 305 

should be reduced to a value of 5-25% of EM (Tomaževič, 1999, Bosiljkov et al. 2005, Elmenshawi et 306 

al. 2011).  307 

Initial shear strength and coefficient of friction 308 

Due to the randomness of masonry and its various texture and morphologies it is rather hard to 309 

determine the shear strength of masonry in terms of the characteristics of the unit-mortar junction. 310 

There are various experimental test set-ups to determine the shear strength properties of unit-mortar 311 

junction (Figure 6), however most of the methods are designed for units with regular dimensions. One 312 

aspect they all have in common is that they are dealing with small (prism sized) masonry specimens 313 

and the results of the testing are presented in terms of an initial shear strength or cohesion fv0 and a 314 

coefficient of friction µ (from an interpretation based on Coulomb-type criteria). In the case of 315 

assemblages which are not perfectly regular, the use of the methods illustrated in Figure 6 is usually 316 

not feasible; as an alternative, in order to obtain a “mean” evaluation of such parameters the possibility 317 

of using the diagonal compression test (Figure 7-b) has been discussed in Calderini et al. (2010). 318 

For stone masonry, typically fvk0 has a value between 0.10 for joints of normal thickness, up to 0.30 319 

MPa for thin bed joints. In the literature there are limited sources regarding the values for fv0 and µ for 320 

historical masonry (summarized in Bosiljkov et al. 2012). For different types of stone masonry values 321 

for µ and fv0 may be expected to lie in the range for 0.0-0.58 for µ and 0.29-0.74 MPa, while for  brick 322 

masonry in the range of 0.08-1.45 and 0.56-0.90 MPa respectively. For the purpose of masonry design 323 

some authors recommend design values for fv0 for old masonry with weak mortars in the range of 0.05-324 

0.1 MPa, (Lourenco 2012) while µ is set to 0.3 for irregular coursed stone masonry and 0.2 for rubble 325 

masonry. 326 

 

 i) 

 j) 

Figure 6. Different test methods for the determination of shear strength of brick-mortar junction, where 327 
methods a) – h) refer to laboratory tests, while i) and j) refer to in-situ test conditions (Lagomarsino and 328 

Magenes 2009; Bosiljkov et al. 2000, 2010a). 329 

a) b) c)

d) e) f)

g) h)
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Diagonal tensile strength 330 

For uncoursed stone masonry (uncoursed random rubble, polygonal rubble, flint rubble, dry rubble), 331 

where the application of shear strength criteria based on the use of the cohesion and friction coefficient 332 

is meaningless, the only criterion at the moment for the evaluation of the lateral resistance of these 333 

types of masonry is by considering the principal tensile stresses of the masonry while treating masonry 334 

as elastic homogeneous and isotropic material (Turnšek et al. 1971). There is no harmonized test 335 

method for the determination of the tensile strength fMt of masonry. Some of the common ways of 336 

testing large masonry elements to simulate seismic effects are presented in Figure 7. 337 

Depending on the type of test, this tensile strength can be determined from diagonal tests as: 338 

      Equation 2 339 

where the adoption of the coefficient 0.5, instead of 0.707 as suggested in some codes (e.g. in ASTM 340 

E 519-02) agrees from a theoretical point of view and supported by experimental results as discussed 341 

in Brignola et al. (2008) and Calderini et al. (2010).  342 

From the results of shear tests it could be determined as: 343 

    Equation 3 344 

where: Pd – maximum force at diagonal test; lw – length of the wall; tw – thickness of the wall; s0 – 345 

average compression stress due to vertical loading; tHmax – average shear stress over the whole cross 346 

section of the wall at the attained maximum resistance of the wall Vmax; b – shear distribution factor, 347 

depending on the wall aspect ratio, (for pillars with hw/lw = 1.5 is equal to 1.5, otherwise for squat 348 

walls 1.0). 349 

 

 g) 

 h) 

Figure 7. Different test methods for the determination of shear/tensile strength of masonry, where 350 
methods a) – f) refer to laboratory tests, while g) and h) refer to in-situ test conditions (Bosiljkov et al. 351 

2003, 2010a; Corradi et al. 2008). 352 
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Values for fMt may vary significantly dependencing on the type of tested masonry as well as on the 353 

applied boundary testing conditions. In general they may vary between 5-10% of fMc (Tomaževič 354 

1999; Bosiljkov et al. 2012). In §7 of this paper reference values are provided with respect to some 355 

standard provisions together with results obtained through different testing campaigns. According to 356 

some code requirements (NTC 2008), in addition to fMt, an equivalent diagonal shear strength (tM0) is 357 

introduced that is conventionally defined as fMt /1.5. 358 

4. The use of mechanical parameters in modelling strategies  359 

Various types of historical architectonic assets and their differing seismic behaviour (e.g. with a 360 

prevailing in-plane or out-of-plane response), may influence the optimal choice of modelling strategies 361 

for a reliable seismic assessment. This issue was recently addressed in the PERPETUATE project 362 

(Lagomarsino and Cattari 2014) by analysing the use of different modelling strategies (as classified in 363 

Calderini et al. 2010) as a function of six classes of architectonic assets (from A to F, as illustrated in 364 

Lagomarsino et al. 2011). The aim was to group the most recurring historical buildings (palaces, 365 

churches, mosques, towers, castles, arches,..) considering both the building morphology (architectural 366 

shape, proportions) and the technology (type of masonry, nature of horizontal diaphragms, 367 

effectiveness of wall-to-wall and floor-to-walls connections). Concerning the modelling strategies, 368 

according to the classification and review of the State-of-Art on models illustrated in Calderini et al. 369 

(2010), they may be classified as follows: Continuous Constitutive Law Models (CCLM), that is finite 370 

element modelling with phenomenological or micromechanical homogenized constitutive laws; 371 

Structural Elements Models (SEM), that is equivalent frame modelling by discretization in terms of 372 

piers/spandrels and other nonlinear elements; Discrete Interface Models (DIM), that is discrete 373 

modelling of blocks and interfaces; Macro-Block Models (MBM), that is based on the use of theorem 374 

of limit analysis. It is evident that such modelling strategies require a different effort in collecting all 375 

the necessary mechanical parameters for a reliable seismic assessment, as summarized in Figure 8 376 

according to parameters introduced in §3 and together with some suggestions on the appropriate 377 

investigation methods to be adopted. Note, that for some methods presented in Figure 8, such as the 378 

sonic method (N3), the results are still indicative (Silva et al. 2014). 379 

380 
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 381 

Parameter examined 
Parameter useful for modelling 

strategy Appropriate investigation methods 

CCLM SEM DM MBM ND MD D 
fMc      M2/ M5 D1 
fv0, µ, fMt       D2/D3/D4 
EM , GM     N3 M6  
Mortar characteristics      M3/M4  
Unit characteristics      M3  
Interface characteristics      M3 D4 
Legend: 
ND tests: N3 – sonic methods; MD tests: M2 –compressive tests on cored samples ; M3-laboratory tests on 
samples of constituents; M4 – drilling resistance; M5 – single flat-jack; M6 – double flat-jack; D tests: D1 –
in situ and laboratory compressive tests on in-situ taken wallettes; D2 – in situ shear tests; D3 – diagonal 
compressive tests; D4 – in situ shove tests 
 All sub-classes of models need the definition of these parameters 
 Only some sub-classes of models need the definition of these parameters 

Figure 8. Investigation of mechanical properties of masonry depending from adopted models 382 

 383 

Focusing the attention only to the in-plane response and SEM models, primary structural subsystems 384 

of masonry assemblage that determine the response of the structure due to seismic motions are piers 385 

and spandrels (with lintels). Their in-plane stiffness, strength and lateral load-displacement 386 

relationships determine the seismic performance of the structure. Thus, the use of mechanical 387 

parameters discussed in §3 is considered in greater depth in the following. 388 

4.1 In-plane response of structural elements  389 

There is no harmonized test method for determing the performance and shear resistance of masonry 390 

elements under seismic loading. Some of the common ways of testing large masonry elements (in the 391 

case of piers) are presented in Figure 7. None of them simulate real conditions, but they have been all 392 

chosen because they reproduce static or kinematic boundary conditions which can be easily interpreted 393 

and reproduced. From the experience of the authors and the analysis of the results of others (e.g. 394 

Manfredi et al. 1992; Magenes et al. 1997; Tomaževič 1999), only the testing arrangements with 395 

cyclic loading presented in Figure 7-a,f&h, provide all the necessary parameters needed for the 396 

seismic assessment and full performance analysis of masonry structural elements. These are: global 397 

forces, global displacements (drifts), deformations and response characteristics (mode of failure, shape 398 

of hysteresis, cracking patterns, ductility capacity, energy absorption, damage evolution etc.).  399 

4.1.1 Piers 400 

The performance in the terms of failure modes for piers loaded in-plane depends on the size of the 401 

specimen, the boundary conditions, the level of pre-compression, the mechanical characteristics of the 402 

masonry constituents (units, mortar and their junction) and the properties of the masonry assemblage 403 

(in terms of its texture and morphology). Regardless of the type of the masonry most common limit 404 
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states for the case of single-fixed, unidirectional laterally in-plane loaded shear walls are presented in 405 

Figure 9–a, where t stands for diagonal failure, r – rocking/bending failure and s – sliding failure. 406 

  
a) crack patterns for in-plane loaded masonry walls. b) typical hysteresis loops with characteristic points for 

piers failed in shear 

Figure 9. Failure modes for masonry piers and evaluation of the envelope for performance based design 407 
(Bosiljkov et al. 2003). 408 

For the purpose of seismic design, the results of experimental tests (Figure 9-b) are usually idealized 409 

in the form of envelopes for hysteresis loops for the observed response of the walls. Further 410 

idealisation of these envelopes can be carried out either through bilinear or multi-linear curves (Figure 411 

10-a,b,c). The most common is a bilinear idealisation (curve A-B-C), which is usually produced by 412 

taking into account the equal energy dissipation capacity of actual and idealised panels (Figure 10-a). 413 

This is usually done by ensuring that the areas below the actual and bilinear idealised curves are equal. 414 

For this approach the ultimate displacement Du is usually determined following a 20% drop of  415 

maximum resistance (Vmax), and the effective stiffness Keff is determined using various criteria, among 416 

the most common of which is the secant stiffness at a certain point of response, defined as percentage 417 

of Vmax (66% - 75% of Vmax) or as Vcr (corresponding to the first cracking). With the ultimate 418 

displacement Du and effective stiffness Keff known, the idealized shear resistance Vu can be defined.  419 

   
a) Bilinear idealization b) Trilinear idealization c) Multilinear idealization 

Figure 10. Different approaches in modelling the performance of in-plane loaded masonry. 420 

Regarding the drift capacity, only the ductility capacity, that is the ratio between ultimate and elastic 421 

displacement of an idealized bilinear curve Du and De, is usually stated in the literature. More recent 422 

studies (Bosiljkov et al. 2003) provide also the displacements and forces which correspond to certain 423 

limit states; these are displacement at which the first flexural crack is attained (Dcr,x), at which first  424 
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occurs (Dcr) (either by shear cracking or toe crushing), the displacement at which maximum resistance 425 

is reached (DVmax) and the maximum displacement attained (Dmax). Limit states Dcr, DVmax and Dmax, 426 

that correspond to progressing damage levels reached in the panel, are often referred to in the test 427 

results as FC (First Cracking), SD and NC limit states (as they are in the test described within §4 and 428 

§5). This notation conventionally follows the order of limit states adopted also in EC8-3: “Damage 429 

Limitation” (DL), “Significant Damage” (SD) and “Near Collapse” (NC). Within PERPETUATE 430 

methodology for the assessment of PLs of buildings, these states for structural elements were marked 431 

as DLi (i=1,3) (Kržan et al. 2014). 432 

 433 

Limit states – analytical formulation 434 

In the assessment of existing buildings or in the design of new ones, one has to predict and 435 

consequently quantify the overall seismic performance of piers. Therefore force-displacement 436 

envelopes of masonry elements have to be defined (Figure 9-b) and idealized by defining 437 

characteristic performance limits.  438 

For DL permanent drifts should be negligible and analytical formulations for this limit state are 439 

associated with the attainment of the strength capacity of the piers, consistent with the type of failure. 440 

Since at panel scale the stress distribution is complex and not homogeneous, the most common 441 

strength criteria proposed in the literature and adopted in codes are based on the choice of a reference 442 

stress (either shear, normal or principal stress) and of a reference point or section on which it should 443 

be calculated (e.g. the end section or the central transversal cross section). Then, considering the type 444 

of masonry and its realistic failure modes, it may be defined as VRd = min (VRd,t, VRd,r, VRd,s), where VRd,t 445 

indicates the value coming from the strength criterion adopted to interpret the sliding, VRd,r the rocking 446 

and VRd,s  the diagonal cracking shear response, respectively. In Magenes and Calvi (1997), Bosiljkov 447 

et al. (2003) and Calderini et al. (2009) a review of the most common strength criteria proposed in the 448 

literature are illustrated, together with the theoretical principles which they are based on and some 449 

recommendations on their use as a function of different masonry types. Table 5 summarizes the most 450 

common ones together with the mechanical parameters (as listed in § 3) that their use requires. For the 451 

shear response, in general, it may be stated that criterion (2) (Table 5) is adopted in the case of 452 

irregular textured masonry, while criteria (3) and (4) apply in the case of texture with regular or 453 

pseudo-horizontal layers. In some case, criterion (5) is adopted by neglecting the contribution of 454 

cohesion. 455 
456 
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Table 5: The most common strength criteria proposed in literature for masonry pier and the mechanical 457 
parameters which they are based on 458 

Parameter 
required Failure mode Analytical model Codes 

fMc Rocking/bending (1)  
NTC2008,EC8-3, 
FEMA 306 

fMt 
Shear  
(diagonal 
cracking) 

(2)  
NTC2008, FEMA 
306 

fv0 , µ , j Shear (diagonal 
cracking - joints) (3) (*)  

DIN 1053-100 

fbt Shear (diagonal 
cracking - units) (4) (*) (+)  

DIN 1053-100 

fv0 , µ  Shear (sliding) (5)  NTC2008,EC8-3, 
FEMA 306 

Legend: 
tw: pier thickness; lw: pier length; lwc: length of the compressed part of the pier; h0: span height of pier; s0: normal 
compressive stress on the pier; sd: average vertical stress over the compressed part of the wall; ψ: corrective 
factor in dependence from boundary conditions, equal to 1 for cantilever walls and equal to 2 for both fixed ends; 
b: corrective coefficient connected to the distribution of stress on the section depending on the geometric aspect 
ratio of the wall (usually assumed equal to hw/lw, however not greater than 1.5 and not lesser than 1.0 where hw is 
the height of the panel) 
Notes: 
(*) in the original proposal of Mann and Muller (1980) b was assumed equal to 1; the introduction of b is 
proposed in Lagomarsino et al. (2013) 
(+) this failure criterion is usually assumed conventionally by codes through a limitation imposed to the value 
provided by Eq. (5). This limitation in most cases is computed as a function of fbt. 
 459 
After determining the lateral load bearing capacity of the wall, the initial slope of the idealised 460 

envelope can be calculated considering the effective stiffness of the pier/wall. According to beam 461 

theory, the effective stiffness can be calculated according to eq. 4: 462 

      Equation 4 463 

where: Aw – gross wall cross-section, k’ - describes the applied restraint conditions of the element (for 464 

both ends fixed is equal to 0.83 and for single fixed walls k’=3.33). In Bosiljkov et al. 2005 the 465 

reliability of this approach is discussed supported also by the comparison with experimental results. 466 

While FC may be positioned already at the initial slope defined according to eq. 4, limit states SD and 467 

NC may vary significantly depending on the performance objectives and code requirements. 468 

According to EC8-3 where the drift capacity of masonry walls/piers is defined as a function of the 469 

failure mode and the aspect ratio, limit state SD (Figure 9-b) corresponds to a drift capacity of 0.4% 470 

(hw/lw) for shear and 0.8% (h0/lw) for a flexural failure respectively. The NC drift capacity is defined as 471 

4/3 times the SD drift capacity. 472 

FEMA 306 (FEMA 306, 1998) requirements are oriented more towards contemporary masonry with 473 

regular texture and morphology. For “moderate damage”, the basic requirements are similar to that 474 
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stipulated in EC8-3. On the other hand, the drift capacity specified for the “heavy damage” limit state 475 

for rocking is defined as 0.8% hs/lw, where hs is the free height between two storeys. For a sliding 476 

failure along the joints (stair stepped cracks) FEMA specifies 0.4% and for piers failing due to tension 477 

(diagonal cracking) no drift capacities but only ductility capacities are specified. Unlike EC8-3, 478 

FEMA defines also a mixed type of failure for walls. For mixed modes considering solely flexural 479 

cracking and toe crushing a drift capacity of 0.3% is prescribed, while for toe crushing, flexural 480 

cracking and bed joint sliding a drift capacity of 1.2% is provided. For mixed mode failure “extreme 481 

damage” for the flexural cracking and toe crushing a drift capacity of 0.9% is specified. Some national 482 

codes (SIA D0237, 2010) do not define drift capacity in respect to failure mode but as the function of 483 

applied axial stresses and boundary conditions. SIA code defines drift capacity according to (eq.5), 484 

where coefficient η is equal to 0.4 and 0.8 for fixed-ends and cantilever boundary conditions 485 

respectively. 486 

       Equation 5 487 

The dependence of drift limits also on the compressive state has been recently discussed and verified 488 

through some experimental tests on modern masonry in Tomaževič et al. (2006) and Petry and Beyer 489 

(2013); however the reliability of this assumption in case of historic masonry has to be still verified. 490 

The described approach of idealisation may underestimate the rotation capacity of structural elements 491 

following the extension of crack patterns. Therefore, additionally to the idealisation of the resistance 492 

envelope for structural walls (“primary walls” A-B-C in Figure 9), an extension for partition walls was 493 

introduced in the FEMA 273 (Abrams 2001). Also EC8-3 distinguishes between the response of 494 

“primary” and “secondary” walls as it determines for later higher displacement capacity for SD and 495 

NC (still considering A-B-C model from Figure 10-a). Apart from EC8-3, all the other code provisions 496 

are specified from the results on contemporary masonry, thus in the §7.2 of this paper experimental 497 

results from other researchers (see Table 13), summarize the results that may be applicable for historic 498 

masonry. 499 

4.1.2 Spandrels 500 

Unlike piers, the in-plane response of spandrels is conditioned by low axial forces and high moment or 501 

shear demands. Here the vertical shear, the interlocking of the units and the effectiveness of 502 

lintels/architrave elements are crucial in providing adequate boundary condition, so that spandrels may 503 

be considered effective.  504 

Unlike for piers, where the tradition of testing has over 40 years of experience (Mayes 1975), tests on 505 

spandrels (or macroelements with openings) are quite recent (Gattesco et al. 2008; Parisi et al. 2010; 506 

Calderoni et al. 2011; Beyer and Dazio 2012; Knox 2012), performed mostly on brickwork masonry 507 

with rather strong mortar and regular pattern (apart from tests described in Graziotti et al. 2012). Such 508 

( )0 ,
4 1 /
3NC Mc dD fh s= -
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tests revealed that the spandrel behaviour is affected by some other factors not considered for piers, for 509 

instance the type of architrave and the interlocking phenomena at end sections.  510 

A review of strength criteria proposed in the literature and the codes for spandrels has been recently 511 

illustrated in Beyer and Mangalathu (2013). In general, it may be stated that, while in case of the shear 512 

response the same criteria proposed for piers may be adopted (as those summarized in Table 5), the 513 

flexural response of spandrels is strongly affected by the different boundary conditions that 514 

characterize them and the assumption of a behaviour of spandrel by considering them just as piers 515 

simply rotated for 90° may lead to significant underestimations of their performance. 516 

Thus, focusing the attention only on the flexural response, Table 6 summarizes the criteria proposed in 517 

the literature and codes specifically addressed to spandrels. The NTC 2008 (criterion (1) in Table 6) 518 

makes a distinction if the axial load on spandrel is known or not from the analysis: if not (the case in 519 

which floors are modelled as rigid) a strut-and-tie mechanism is assumed to develop if a tension 520 

members (ties) are present, otherwise the same criterion proposed for piers is assumed. In Betti et al. 521 

(2008) a criterion based on the assumption of linear stress distribution and considering the tensile 522 

strength of masonry (assumed as equal to that of mortar joints) is proposed (criterion (4) in Table 6). 523 

Criteria (2) and (3) are based on the introduction of an “equivalent tensile strength” (fSt) aimed to 524 

characterize the masonry behaviour at spandrel scale and not at material scale; it is assumed by virtue 525 

of the interlocking phenomena which can be originated at the interface between its end sections and 526 

the contiguous masonry (Figure 11). These criteria, as discussed in Beyer and Mangalathu (2013) and 527 

supported by experimental tests, seem more reliable to describe the peak flexural strength of spandrels.  528 

Table 6: Strength criteria proposed in literature to interpret the flexural response of masonry spandrels 529 
and the mechanical parameters which they are based on 530 

Parameter 
required Analytical model Codes/References 

fMc (1) (*)  NTC2008 

fSt (2)  FEMA 306 

fMc , fSt (3) (+)  Cattari and Lagomarsino (2008) 

fMt (4)   Betti el al. (2008) 

Legend: 
tS: spandrels thickness; hS: spandrel length; lS: spandrel height; s0S: normal compressive stress on the spandrel; 
l0S: span height of spandrel; hj: height of the mortar joint; Dy: unit height. 
Notes: 
(*) when the axial load is unknown from the analysis (e.g. in case of infinitely rigid floors), the NTC2008 
proposes to compute s0S as the minimum value between Hp and 0.4hStSfMc, where Hp is the tensile strength of 
the horizontal tension element coupled to spandrel (such as steel ties or ring beams) and fMc is the compressive 
strength of masonry computed in the horizontal direction. 
(+) This criterion is based on the assumption of an elasto-plastic stress-strain relationship; the complete set of 
equations that describes the flexural domain is illustrated in Cattari (2007). A simplified expression of such 
domain is illustrated in Beyer and Mangalathu (2013) based on a rigid-plastic relationship.  
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According to the proposals presented in the literature, the value of fSt  may be computed as a function 531 

of the mechanical properties of the mortar joints (fv0, µ) and units (fbt), varying with the prevailing 532 

failure mode occurring at the end of the section (if cracks pass through the bed and head joints or 533 

through the units), and the compressive state of adjacent masonry portions (s0). 534 

 535 

Figure 11. Definition of equivalent horizontal tensile strength for interpreting the flexural behaviour of 536 
spandrels 537 

According to the proposal of Cattari and Lagomarsino (2008), the value of fSt may be computed as:  538 

      Equation 6 539 

where: s0 represents the axial compressive stress on the bed joints at the end of the spandrels, 540 

corresponding to the compressive stress s0 in adjacent piers and gS a coefficient taking into account the 541 

actual distribution of stress at the end section of the spandrel (this latter varies 0.5-0.65 according to 542 

proposals in Cattari and Lagomarsino 2008 and FEMA 306 1998); j is an interlocking parameter 543 

taking into account the texture of the masonry (in the case of regular masonry it may be defined from 544 

the geometry of the units as 2 Dy/Dx).  545 

In general, it may be stated that the value of fSt is quite limited – even negligible – in the case of very 546 

irregular masonry (for which the interlocking parameter is very low) or if the spandrels are located at 547 

the top storey (since the contribution of compressive stress of adjacent piers is very low). The criteria 548 

summarized in Table 6 basically only refer to the computation of the peak strength of spandrels. 549 

Further issues regarding the residual strength and the contribution of the lintel or architrave aimed to 550 

support the spandrel (e.g. a timber lintel or a masonry arch) are illustrated in Beyer (2012). Finally, 551 

according to the aforementioned experimental tests, drift limits are higher in comparison to those 552 

obtained from tests on piers and walls. According to some authors (Beyer and Dazio 2012) DSD can be 553 

estimated between 1.5 and 4.1%, while keeping the same ratio of DNC/DSD of 4/3 as stated in EC8-3.  554 
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5. In-situ tests 555 

In this paragraph the results from laboratory and in-situ tests of importance for seismic design 556 

methodology developed through the framework of the PERPETUATE project and carried out in 557 

Slovenia are briefly summarized. In-situ tests were carried on two types of masonry old brickwork and 558 

rubble stone masonry. Main advantage of in-situ tests is obtainment of realistic results for existing 559 

masonry, however due to safety reasons limit state such as DNC in some cases cannot be fully obtained. 560 

Laboratory tests had broader aspect of testing (as explained in §6.1) and were carried out on better 561 

stone masonry representative for more important historical buildings with attached artistic assets. 562 

5.1 Tests on stone masonry in Bovec region, Slovenia  563 

This testing campaign was performed on a 2-storey high building (Figure 12) located in the village of 564 

Čezsoča in the earthquake-prone area of Posočje in western Slovenia. The analysed building 565 

represents a typical building of rural architecture and it was severely damaged by a strong earthquake 566 

in 2004. The masonry could be classified as two leaves of rubble uncoursed masonry built with lime 567 

mortar and roughly shaped limestone and sandstone with separate brick intrusions (corresponding to 568 

class B from Table 11). As part of the testing, comprehensive preliminary tests on the constituents as 569 

well as a set of non-destructive (thermography, GPR and sonic tests before and after grouting), minor-570 

destructive (surface and depth probing, single and flat jack tests before and after grouting) and 571 

destructive tests (in-situ shear tests) on grouted and intact masonry (POS 6 at Figure 12-d) were 572 

carried out. 573 

 a) 

d) 

 

b

) 
 

c) 

Figure 12. In-situ tests on stone masonry: a) investigated building, b) masonry texture, c) masonry 574 
morphology (section) and d) layout of testing positions (Bosiljkov et al. 2010a). 575 

 576 

The detailed results of the testing campaign are presented elsewhere (Uranjek et al. 2012), and are 577 

summarized in Table 7, where fMc and EM were estimated from double flat-jack test, fMt , GM, and limit 578 

states from in-situ shear tests.  579 
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Table 7: Results from in-situ tests on stone masonry. 580 
Mechanical parameters Limit states – shear failure 

fMc fMt EM GM r DFC DSD DNC 
[MPa] [MPa] [MPa] [MPa] [kN/m3] [%] [%] [%] 
1.65 0.07 790 110** 20 0.12 0.60 0.87* 

* due to security reasons tests were stopped before reaching NC state 581 
** relates to cracked section 582 

5.2 Results from tests on old brickwork masonry in Maribor, Slovenia 583 

In-situ tests on old brickwork masonry were performed on a typical masonry building from 1930’s in 584 

Maribor. Load bearing masonry walls were made with solid clay bricks (295 × 140 × 65 mm) and 585 

weak lime mortar with coarse sand (fmc ≈ 0.5 MPa). The same materials are common for cultural 586 

heritage buildings from that period. The detailed results of the testing are presented elsewhere 587 

(Bosiljkov et al. 2012; Jarc Simonič et al. 2014), and are summarized in Table 8, where fMc and EM 588 

were determined from in-situ compressive tests on masonry specimens (Figure 13-a&b) of two 589 

thicknesses of 300 and 450 mm (marked as C30 and C45 in Figure 13–e). The values of fMt , GM, and 590 

corresponding limit states were derived from in-situ shear test (Figure 13-c&d) on the specimens of 591 

different thicknesses (positions S30 and S45 in Figure 13-e). 592 

Table 8: Results from in-situ tests on brickwork masonry. 593 
Mechanical parameters Performance limit states – shear failure 

fMc fMt fv0 EM GM DFC DSD DNC 
[MPa] [MPa] [MPa] [MPa] [MPa] [%] [%] [%] 
1.92 0.127 0.124 637 136* 0.30 0.70 1.04 

* relates to cracked section 594 
 595 

 a) b) 

 e)  c) d) 

Figure 13. In-situ tests on brickwork masonry: a) in-situ compressive test at position C45, b) disposition of 596 
compressive test, c)in-situ shear test at position S30, d) disposition of loading jacks for applying forces for 597 

shear test, e) layout of testing positions (Bosiljkov et al. 2012; Jarc Simonič et al. 2014). 598 

 599 
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6. Laboratory tests 600 

6.1 Results from tests on three-leaf stone masonry  601 

Extensive laboratory work studying the behaviour of multi-leaf stone masonry walls under seismic 602 

loading was conducted in the Laboratory of the Faculty of Civil and Geodetic Engineering, University 603 

of Ljubljana. The aim was to study the influence of different morphology, boundary conditions and 604 

level of pre-compression on the shear and compression behaviour of masonry in terms of strength and 605 

displacement performance. Altogether 16 three-leaf walls of dimensions 1000 x 400 x 1500 mm3 were 606 

built for the program. External leaves (te) were constructed from regular coursed squared ashlar rough 607 

tooled lime stone, while the internal core (ti ≤25% tw) was filled with stone rubble and lime mortar. 608 

Half of the specimens had header stones in every second row passing through the whole depth of the 609 

specimens (Figure 14-a), while the other half had no headers (Figure 14-b). The average mechanical 610 

properties for stone were 171.5 MPa for fbc and 24.2 MPa for fbx. Lime putty with added tuff was used 611 

for construction. Mortar was representative for old historic mortars, as average fmc at the time of testing 612 

of masonry specimens was 1.88 MPa and average fmx was 0.61 MPa. To determine limit states for 613 

artistic assets (AA) attached to structural elements (SE), walls were plastered on one side (lime 614 

plaster). The details regarding plasters and results obtained are presented in more details elsewhere 615 

(Bosiljkov et al. 2012; Calderini et al. 2014), and the results of the seismic performance of AA are 616 

summarized in Table 14, where A2 presents drifts at which the first structural crack on the plaster 617 

occurred, A3 drifts at which plaster was largely detached from the wall but still repairable and A4 618 

drifts at which plaster collapsed. 619 

 a)  b) c) 

Figure 14: Morphology and texture of walls with (a) and without (b) header stones; c) shear test setup 620 

 621 

Compressive strength tests, where vertical force was monotonically increased up to failure, were 622 

performed on two walls, one of each morphology. There was no apparent difference in the mechanism 623 

of failure for the walls with and without header stones. Contrary to expectations, the fMc of the wall 624 

without through stones was even slightly higher. The results of both compression tests are presented in 625 
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Table 9. The modulus of elasticity EM was calculated from the average vertical strains and stresses 626 

considering the whole cross section at mid height at a stress level equal to 1/3 fMc, whereas the shear 627 

modulus GM was calculated after linear elastic theory for homogenous isotropic materials. 628 

 629 
Table 9: Results of laboratory compression tests on three-leaf stone masonry 630 

Tested wall fMc 
[MPa] 

EM 
[MPa] 

 GM 
[MPa] GM / EM 

With through stones 6.00 798 0.319 302* 0.378 
Without through stones 6.10 1138 0.381 412* 0.362 
* relate to un-cracked section 631 

 632 

Shear tests were performed in the test setup presented in Figure 14-c. Walls were subjected to stepwise 633 

increasing lateral displacements under constant compression load. Two boundary conditions were 634 

applied: single and double fixed (see Figure 14–c).  635 

Two levels of pre-compression were applied; 7.5% and 15% of fMc. Each testing combination (pre-636 

compression level, boundary condition and morphology) had one repetition, except for low pre-637 

compression level and cantilever boundary conditions. With these combinations various failure 638 

mechanisms of walls (Figure 15-a&b) were attained and they depended only on the boundary 639 

conditions and the pre-compression load (not the morphology).  640 

   
a) b) c) 

Figure 15: a) shear damage and b) leaf separation at test 14; c) interpretation of results to compute fMt 641 

 642 

In Figure 16 typical hysteretic responses obtained for different failure modes in tests of walls without 643 

header stones are presented. With lower pre-compression level and cantilever boundary conditions, 644 

rocking occurred with the corresponding opening of the joint between the first and second row of 645 

stones (Figure 16-a). For double fixed boundary conditions the walls rocked, but also shear damage 646 

occurred, therefore this failure mechanism was referred to as “mixed” (Figure 16-b). At higher pre-647 

compression levels shear failure (diagonal cracks – Figure 15-a) occurred in case of both boundary 648 

conditions (Figure 16-c).  649 

Mn
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a) b) c) 

Figure 16: Typical hysteretic response of walls in case of a) rocking, b) mixed and c) shear mechanism 650 

 651 

The experimental force-displacement envelope curves were idealized to bilinear curves considering 652 

the equivalent input energy (Figure 10-a). From the idealized shear resistance, the reference tensile 653 

strength of masonry fMt was calculated for each wall (Figure 15-c). In Table 10 apart from average 654 

values of limit states for walls, the average values of fMt for walls with and without header stones are 655 

presented (for calculation of fMt only the results of tests with shear failure were considered).  656 

Table 10: Results of laboratory shear tests on three-leaf stone masonry. 657 

Tested walls 

 Limit states 
Shear 
failure 

Rocking failure* Mixed failure Shear failure 

fMt DFC DSD DNC DFC DSD DNC DFC DSD DNC 
[MPa] [%] [%] [%] [%] [%] [%] [%] [%] [%] 

With header stones 0.170 2.31 4.64 4.65 0.50 1.41 1.49 0.18 1.08 1.41 
Without header stones 0.160 1.16 3.90 3.99 0.58 1.63 1.83 0.27 1.19 1.66 

* obtained with test of one specimen only 658 
 659 

For the tested type of masonry with regular texture and where ti ≤25% tw, header stones proved not to 660 

contribute to better strength characteristics in any significant amount. If also mixed failure test results 661 

are considered for the calculation of the average fMt, the results for both type of walls are practically 662 

identical; 0.170 and 0.171 MPa for walls with and without header stones respectively.  663 

The influence of different morphologies on the limit states was not apparent; actually the capacity in 664 

case of mixed and shear failure was even higher for walls without through stones. In tests with a 665 

higher pre-compression level the specimens with header stones exhibited much lower lateral out-of-666 

plane deformations resulting from leaf separation compared to unconnected walls, which was 667 

especially apparent in the softening phase. 668 

7. Reference parameters 669 

A rather limited number of national codes have in their provisions design values for the material that 670 

would correspond to historical masonry. Even more apparent is the lack of data for historical masonry 671 

relevant to seismic design. Apart from Italian National Technical Code (NTC 2008, MIT 2009) and 672 

the old Yugoslav codes (JUS 1985) all the other national codes (PIET 1971; SIA 266 2003; CSA 673 

S304.1-94) assess fMc solely considering the masonry typology, the type of the unit and mortar, its 674 

decay and the thickness of the joints. However, none of aforementioned standards consider the multi-675 
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leaf morphology of built masonry. For masonry assemblages with multi-leaf morphology where two 676 

outer leaves are usually made from coarser stones laid in the form of rubble or ashlar units while 677 

weaker infill made either from rubble, calculation of stiffness may be done considering the bond or 678 

interface between the infill and leaves. 679 

For walls of limited thickness (tw < 0.7m) it is assumed that outer leaves and infill deform equally. For 680 

these types stiffness should be calculated according to eq. 4. Otherwise the stiffness of adequately 681 

bonded multi-leaf wall should (Chidiac, 2000) be determined as greater of the two values determined 682 

as either as the wall with composite stiffness computed as a single leaf considering virtual thickness 683 

and modulus of elasticity ( ; ) or as the composite wall where the resulting 684 

stiffness is the sum of all layers stiffness (including infill, where properties of the infill should be 685 

determined on cored samples), where n represents the number of layers ( ). Considering 686 

different assumptions of load transfer between leaves, in Binda et. al (2006), expressions how to 687 

define fMc on the basis of specific assumptions were systematically proposed.  688 

7.1 Mechanical parameters 689 

Prior to the formulation of mechanical parameters that will be adopted in seismic analysis it should be 690 

noted that masonry presents, even at a national scale, a remarkable variety in terms of construction 691 

techniques and materials. Therefore general classification into pre-established typologies may be 692 

problematic and a debatable issue. Summarizing all the data presented in this paper as well as 693 

considering the results from authors who presented results in the form of mechanical parameters as 694 

adopted through this methodology (Turnšek et al. 1978; Tomaževič & Sheppard 1982; Tomaževič & 695 

Aničić 1989; Tomaževič 1999; Bosiljkov et al. 2003; Magenes et al. 2010; Borri et al. 2011; Uranjek 696 

et al. 2012; Candela et al. 2012, Martins et al. 2014), existing tables with mechanical parameters for 697 

masonry according to the Italian code (MIT 2009) can be expanded as presented in Table 11, where 698 

the values presented refer to masonry with mortar of poor characteristics, uncoursed or lacking regular 699 

masonry courses at constant spacing which regularizes the masonry texture and, in particular, the 700 

horizontality of the courses. Regarding the morphology of the masonry, the values indicated in the 701 

table assume disconnected outer leaves and the absence of systematic transverse connecting elements 702 

(or interlocking between outer leaves and inner core). Decisions regarding values to be adopted for the 703 

analysis should take into account the identification of the type of masonry (A-F), its minimum and 704 

maximum values and the qualitative investigation of the texture and morphology of the wall. 705 
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Table 11: Reference values of the mechanical parameters and average specific weight of different masonry 707 
typologies to be adopted for the assessment and the reduction of the seismic risk of cultural heritage (after 708 

MIT 2009) 709 
 Texture* Type of stone masonry fMc fMt EM GM

** Density 

   [MPa] [MPa] [MPa] [MPa] [kN/m3] 

A 
 

Irregular stone masonry (pebbles, erratic, 
irregular stone) 

0.70-
1.80 

0.020-
0.048 

200-
1050 

130- 
350 19 

B 
 

Uncut stone masonry with facing walls of 
limited thickness and infill core 

2.00-
3.00 

0.053-
0.080 

1020-
1440 

340- 
480 20 

C 
 

Cut stone masonry with good bonding 2.60-
3.80 

0.084-
0.111 

1500-
1980 

500- 
660 21 

D 
 

Soft stone masonry (tuff, limestone, etc.) 1.40-
2.40 

0.042-
0.063 

900-
1700 

300- 
420 16 

E 
 

Dressed rectangular stone masonry with 
non-soft stones 

4.70-
8.00 

0.135-
0.180 

740-
3200 

200- 
940 22 

F 
 

Full brick masonry with lime mortar 2.00-
4.00 

0.040-
0.140 

240-
1800 

80- 
600 18 

* presented figures are symbolic (after SIA 266/2 SN 505266/2, 2012) 710 
** relate to uncracked section 711 
 712 

The values for EM proposed in Table 11 relate to uncracked masonry. Regarding the value of GM, for 713 

uncracked sections the range of 1/3 - 2/5 EM is realistic, for cracked sections 1/7 - 1/6 EM should be 714 

considered. In the table above the minimum and maximum values for GM are provided according to 715 

experimental results. Regarding the state of conservation – the reduction factor for strength should be 716 

0.7, while for elastic properties 0.6 (Kržan et al. 2013). In the case of very thick mortar joints 717 

(common for so-called Byzantine brickwork) the properties should be also reduced. For brickwork 718 

masonry the determination of fMc according to EC6 provision is effective (see Bosiljkov et al. 2012). 719 

For masonry with dressed rectangular stone where the thickness of the outer leaves (2 x te ≥75% tw), 720 

the contribution of the inner core regarding lateral resistance should not be treated separately. For 721 

multi-leaf masonry where the thickness of the inner core is significant (>25% tw) the strength and 722 

stiffness properties of the masonry should be adopted considering the morphology of the wall and 723 

procedure presented in the introduction of §7. Further correction coefficients according to Italian code 724 

(MIT 2009) for mechanical parameters to be applied in the presence of good or optimum quality 725 

mortar, the presence of courses or borders, the presence of systematic transverse connections, mortar 726 

grouting and strengthening with reinforced mortar are presented in Table 12. 727 
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Table 12: Extended table from NTC with correction coefficients* for different types of masonry in 728 
dependence from influential factor (after NTC 2008). 729 

Type of stone masonry 
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A 1.5 - - 1.3 1.5 2 2.5 
B 1.4 - 1.2 1.2 1.5 1.7 2.0 
C 1.3 - - 1.1 1.3 1.5 1.5 
D 1.5 - 1.5 - 1.5 1.7 2.0 
E 1.2 - 1.2 - 1.0 1.2 1.2 
F 1.5 0.7** 1.5 - 1.3 1.5 1.5 

* Values to be suitably reduced in case of high thickness of walls (e.g. tw> 70 cm) 730 
** Value derived from Kržan et al. 2014 731 
+ Correction coefficient relate solely to strength parameters 732 

7.2 Performance limit states 733 

Regarding limit states the following tables could serve as provisional values for the purpose of the 734 

PERPETUATE project methodology (Lagomarsino and Cattari 2014). Note that the limit states 735 

presented in these tables relate to both piers and walls and may be strongly influenced by the 736 

slenderness and stiffness of tested specimens, the applied boundary conditions and the loading 737 

procedure during the testing. For some limit states, in particular in the case of DL, an analytical 738 

approach as discussed in section 4.1.1. can be followed. On the other hand, since the SD limit state for 739 

historic masonry may correspond to both in-plane (usually related to size of the cracks) or out-of-plane 740 

(related to loss of cohesion between leaves) damages, in our case we choose a solution, that 741 

corresponds to the DVmax which in most cases results in conservative values (SD ≤ ¾ NC). Due to the 742 

limited available data for spandrels, at the moment the presentation of a separate table is not feasible.  743 

Table 13: Limit drift values for different failure mechanisms for SE derived through testing campaigns 744 
and literature survey (Anthoine et al. 1995; Abrams et al. 2007; Gouveia et al. 2007; Tomaževič 2007; 745 

Vasconcelos et al. 2009; Bosiljkov et al. 2010c; Rota et al. 2010; Augenti et al. 2012) 746 
Type of 
failure Type of test DSD DNC 

Min. Max. Min. Max. 
  [%] [%] [%] [%] 

Brick masonry (type F masonry) 

Shear 
Laboratory 0.70 0.92 0.83 1.21 

In-situ 0.44 0.51 0.89 1.38 
Sliding Laboratory 0.90 - 1.80 - 
Rocking Laboratory 0.25 1.80 0.55 2.90 

Stone masonry (A-E types of masonry) 

Shear 
Laboratory 0.51 2.00 0.30* 2.32 

In-situ 0.23 0.58 0.82 1.10 
Rocking Laboratory 0.76 4.64** 0.60* 4.65** 

Mix Laboratory 0.67 1.99 1.00 2.97 
* only NC state reported 
** for this test ultimate displacement was not achieved, as drop of resistance was not 
obtained (see Table 10) 
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For AA’s there are no other results for limit drift values apart from these obtained from tests on panels 747 

with plasters (see §6.1). Summarizing all results it may be concluded that the obtained values for AA’s 748 

of Class Q - artefacts strictly connected to structural elements (Lagomarsino et al. 2011) are 749 

considerably lower (Table 14) in comparison to LS’s for SE and strongly depend from the type of 750 

failure of SE’s. At the moment there are no analytical solutions for the determination of the A2 state, 751 

thus in this table the minimum and maximum values are provided solely according to the experimental 752 

results. 753 

Table 14: Limit drift values for different failure mechanisms for artistic assets (type E masonry) 754 
Type of 
failure 

Type of 
test 

A2 A3 A4 
Min. Max. Min. Max. Min. Max. 

  [%] [%] [%] [%] [%] [%] 
Shear Laboratory 0.05 0.10 0.05 0.33 0.67 1.00 
Rocking Laboratory 1.00 2.33 3.67 4.00 - - 
Mix Laboratory 0.13 0.20 0.67 1.17 0.83 1.33 
 755 

8. Conclusion 756 

Historical masonry exists in so many forms that it is difficult to establish simple design calculation 757 

procedures for all existing cases. When dealing with historical masonry the first step is to determine 758 

the type of masonry:  how regular it is (texture and morphology), the number of leaves (if connected 759 

or not), which type of material is predominant for constituents (stone, brick, mortar). Through this 760 

enhanced overview of procedures proposed in the literature and code requirements, together with our 761 

results from in-situ and laboratory tests, a proposal for the classification of different types of masonry 762 

together with the boundary values for the effective performance based design is set. Following the 763 

determination of the mechanical properties of the constituents (as illustrated in §3), laboratory and in-764 

situ procedures for the determination of mechanical characteristic of (assembled) masonry and 765 

recommendations on how to use them in relation to the adopted modelling strategies and level of 766 

intrusiveness are explained in §4. In addition, the results of tests performed during the PERPETUATE 767 

project are briefly presented in §5 (in-situ tests on brickwork and stone masonry) and §6 (laboratory 768 

tests on stone masonry) leading to the proposed reference mechanical parameters presented in the §7. 769 

As a novelty and very important input for the PERPETUATE methodology for the seismic assessment 770 

of historical buildings, limit state parameters in terms of limit drift values for both structural elements 771 

and artistic assets connected to structural elements are presented at the end of the paper. 772 
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