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ABSTRACT 

Most of the traditional greek buildings (new-classic ones or not, small or large), with an age of more 

than 75 up to 250 yrs, are made of rubble stone masonry with a large volume of low strength lime mortars, 

while their floors/roofs are mainly made of timber. Their seismic assessment and redesign, based on recent 

conceptions and normative or informative code principles and criteria, is a challenging problem for the 

Structural Engineer, not to mention restrictions imposed due to the monumental character of almost all of 

these old buildings. To this end, the new “frame” of Euro-Codes, and especially of EC 6 and EC 8, is applied 

in general, as recently completed by the new Greek Codes on (Structural) Assessment and Interventions 

(nGCSI, 2012), fully harmonized with this “frame” of ECs but far beyond them and more detailed, with a lot 

of relative application rules. Several aspects are involved in structural assessment and redesign of such old 

buildings, as covered by the Codes and shortly presented/discussed in this paper, such as : 

 Investigation and documentation of the geometrical and the mechanical data of the existing building, 

together with their reliability levels (DRLs), i.e. the so-called “knowledge levels”, influencing almost all 

phases and steps of the design; 

 Quantitative assessment and documentation of any wear, deterioration or damage, of any kind, together 

with a practical but reliable and safe assessment of the residual mechanical characteristics, based on damage 

levels (DLs); 

 Decision regarding the performance level (PL), i.e. the foreseen or expected degree of damage during the 

earthquake itself, probably different for the assessment or the redesign of the structural interventions; 

 Aspects of mechanical behaviour of the masonry (and other) elements, out-of-plane and in-plane 

response, macro-models etc., before and after repair or/and strengthening, as well as  

 Methods of analysis and dimensioning or redimensioning, linear and non-linear, checks in terms of force 

or of displacement, depending on PLs and based on skeleton curves. 

 

In this paper, most of the related issues are shortly covered, as faced during the structural design, 

while certain characteristic examples and applications are presented. 
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1   INTRODUCTION 

The structural assessment, redesign and retrofitting of plain-unreinforced masonry (URM) 

buildings is admittedly a challenge, especially for structures in areas of moderate to high seismicity, 

not to mention probable combined problems due to subsoil or/and foundation side-effects. Of 

course, additional difficulties are faced due to the variety of materials and of structural elements and 

typologies, combined with successive interventions and alterations, additions etc., as well as due to 

possible structural interaction in urban nuclei between adjacent (or not) buildings with completely 

different characteristics (including dynamic ones).  

Traditional low-rise URM buildings in Greece are usually made of rubble (cobble) natural 

stones and a large volume of low strength lime mortars, while their floors/roofs are made of timber 

elements. Their load-bearing walls are of the single-leaf type (with various degrees of bonding and 

block interlocking) or of the so-called three-leaf type (with two discrete external leafs and an infill 

“material” of a large voids ratio), for thicknesses less or more than approx. 700 mm, respectively. 

Therefore, the basic structural elements are made of a particularly “undisciplined” material, finally 

to be handled as a “pseudo-continuum” medium!  

To this end, it has to be admitted that our actual state of knowledge on the subject of these 

materials, elements and buildings is still poor, although a considerable progress is reported, both 

theoretical/analytical and experimental, not to mention lessons learnt during earthquakes, 

settlements and subsidences, fires etc. In addition, strong restrictions (even unreasonable ones) 

regarding interventions are usually imposed due to the monumental character of many of these old 

buildings, while an optimization procedure (within a broader multiparametric space) between 

values and requirements such as monumental, technical, economical and cost-benefit, social, 

protection of services and of human lifes etc. is seldom the case. Therefore, contradictory 

conclusions on several important issues as well as completely different decisions and intervention 

schemes are not rare.  

Within this framework, a positive and big step forward is the application of the Euro-Codes 

(ECs, see [1] to [3]) and of their rationalism, covering (partly though) the design of new and the 

redesign of existing URM buildings, not to mention international recommendations and guidelines 

([4]). In Greece, almost in line with Italy ([5]), a set of new, additional and detailed Codes is 

already approved and will be soon in force, covering structural assessment, redesign and 

interventions on both existing RC structures and existing URM buildings (nGCSIs, [6] and [7]); 

both Codes are fully harmonized with the relevant ECs, although they contain criteria and rules far 

beyond those of the ECs.   

 

2   INVESTIGATION AND DOCUMENTATION 

Since existing buildings of any kind, and especially old URM ones, (i) reflect the state of 

knowledge at the time of their construction, modification etc., (ii) possibly contain hidden gross 

errors, in their foundation or/and their superstructure, and (iii) have been submitted to previous 

actions (including earthquakes) with unknown or undisclosed effects, their structural evaluation and 

upgrading are subjected to a higher and different degree of uncertainty than that of the design (or 

redesign) of new buildings. Therefore, additional or modified or even different procedures, 

methods, approaches etc. are inevitable. To this end, the first step, that of a thorough investigation 

and documentation, is significant or even critical, since the relevant “data” and their reliability level 

are strongly influencing all stages of assessment and retrofitting, including analysis. 

Investigation and documentation, of both geometrical and mechanical or resistance data, must 

cover not only the superstructure of the building but its basement(s), if any, its foundation and its 

subsoil as well, not to mention that in a lot of cases reliable and detailed information is needed also 

on adjacent buildings, even if these buildings are not directly interacting with the building under 

consideration. 
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An inventory of data needed for URM buildings may be found in the EC 8-3: 2005 

(Informative Annex C), although incomplete, or in the nGCSIs: 2012 ([6] and [7]); nevertheless, the 

process of diagnosis, the assessment or the redesign of a particular old building itself may lead to 

additional specific needs regarding documentation of critical aspects, such as: 

 The masonry itself, the bonding and interlocking through its thickness, the joints (bed and head 

ones) and the relevant volume of mortar per m
3
 of masonry; 

 The construction details and the type of the connections between all intersecting walls as well as 

between walls and floors or roofs, especially for gable/pediment walls (if any); 

 The construction details and the type of the connections of masonry spandrels (or “deep beams”, 

above openings) to the adjointing “coupled” walls; 

 The ties (of any kind or material) or straps, the ring beams (if any), at any level of the building, 

from its foundation up to the roof; 

 The possible coexistence of primary and secondary structural elements (regarding the earthquake 

resistance), of piers (or pilasters) and walls, slender and squat, or of linear elements (made of other 

materials), of arches, arcades, vaults and domes, or of buttresses (even “flying” ones); 

 The possible coexistence of main elements made of different materials, e.g. of RM and RC, due 

to past modifications or additions, or due to previous structural interventions; 

 The condition of materials, connections, ties etc., the identification (and the estimation of the 

evolution in time) of any wear, deterioration or damage, due to any action or misuse, lack of 

maintenance or negligence, abandonment etc. 

Therefore, certain procedures and devices have been developed especially suitable for old 

URM buildings, as reported in the technical literature (see, e.g., [8] to [12]; nevertheless, standard 

and normative methods, procedures, evaluations and calibrations etc. are still missing. In addition, 

large-scale destructive or semi-destructive tests (including tests by means of flat jacks) on particular 

regions or elements, or even large diameter coring, are usually out of question, especially for 

traditional buildings of national importance or of local interest. Therefore, only practically non-

destructive testing on sufficiently representative specimens of materials and especially of mortars is 

common in Greece, as it is used to qualify and quantify actual in-situ strengths, see [13] and Fig. 1, 

namely the in-situ scratch-width test and the in-lab fragments test, leading to sets of mortar 

compressive and tensile strengths (with certain limitations and drawbacks). 

 

 
Fig. 1 – Relation between old mortars tensile (t) and compressive (c) strength, estimated by 

means of fragments tests (FT) and scratch-width tests (SWT), respectively. Lines a and b are valid 

for new cement mortars, of low and normal strength, respectively.                                                                                                                                                  
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 As it is already mentioned, investigation and documentation has to cover in a quantitative 

(and not only qualitative) way any structural wear or/and damage as well, while according to the 

relevant new Greek Codes ([6] and [7]) the foreseen practical degrees or levels of damage (DLs) are 

directly influencing the estimation of the so-called residual mechanical characteristics (residual 

resistances), which are needed for both stages of the assessment and of the redesign of any 

structural intervention. 

The desired reliability level of all the above mechanical and geometrical data depends on 

several factors and affects all phases of assessment and redesign, including the determination of 

actions, action-effects and resistances, while uncertainties are covered (partly though, see [14]) by 

introducing the concept of “Data Reliability Level – DRL”, far beyond the relevant provisions of 

the EC 8-3 regarding “Knowledge Levels and  Confidence Factors” (or of the FEMA, [15]). Three 

DRLs are distinguished : High (H), Sufficient or Satisfactory (S) and Tolerable (T), corresponding 

roughly to “Knowledge Levels” – KLs 3 to 1 of the EC 8-3 (Full, Normal, Limited), as far as 

“primary” seismic elements are concerned, while for “secondary” seismic elements a DRL less than 

Tolerable (T) could by permitted. In addition, DRL is not necessarily the same for the entire 

building or even for the same group of elements or of data; different DRLs for the various sub-

categories of elements and of information could be determined. It is only for the selection of the 

proper method of analysis that the most unfavourable among the individual DRLs shall be used. 

Depending on DRL, (i) an appropriate method of analysis in chosen (since there is no point in 

the desired precision of any advanced method being heigher than the expected inaccuracy of the 

data which will be used), (ii) the appropriate safety factors γf are selected for certain actions of 

higher uncertainly, combined with relevant γEd factors (i.e. uncertainties of the models through 

which the effects of actions are assessed), and (iii) the appropriate safety factors γm for material 

properties are selected, combined with relevant γRd factors (i.e. uncertainties of the models for 

resistances of all types and kinds). Generally, for DRL S the γ-factors are selected according to the 

provisions of the Codes for the design of new structures, with no modifications. 

 

3   BASIC DATA, SEISMIC ACTION AND PERFORMANCE LEVELS 

Basic data and assumptions for the assessment and the redesign are those related with actions 

(their combination and their effects) and with resistances (stiffnesses, strengths and member 

ductilities), as they are influenced by the data reliability level (DRL). Therefore, instead of a unique 

“confidence factor” CF (see also [14]), a “family” of appropriate partial safety factors is foreseen, 

covering model uncertainties as well, through γEd and γRd values (see § 2). 

Τwo major issues are involved, that of the seismic action and that of a global (overall) 

behaviour factor (q) or of member displacement ductility factors (m, m for member), associated 

with the method of analysis (see § 4). 

Three Performance Levels – PLs (target structural behaviours) are foreseen, each with an 

adequate degree of reliability: (A) Limited Damage, i.e. minor damage on only a few members, 

associated with immediate occupancy and use (w/o any restriction); (B) Significant (or Substantial) 

Damage, i.e. damage on a lot of members, associated with life (and property) protection; and (C) 

Heavy Damage, i.e. severe damage spread to many members, but w/o any major collapse, 

associated with collapse prevention (or no-collapse or near collapse). In fact, these three PLs 

correspond (in general) to the three Limit States of the EC 8-3, namely Limited Damage (LD), 

Significant Damage (SD) and Near Collapse (NC). 

These PLs (strictly for the load-bearing structure alone) are combined with the foreseen 

seismic action to give a “target” for the assessment or the redesign of the structure, not necessarily 

the same. To this end, and for a conventional life-time of 50 yrs (the same for both new and existing 

buildings), the seismic action could be assessed on a probability of exceedence equal to (1): 10% 

(mean return period of approx. 475 yrs) - in general, or (2): 50% (mean return period of approx. 75 

yrs) - after the approval of a Public Authority, leading to an overall seismic action of 100% or 60% 
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compared to that of the EC 8-1, respectively (see Note here below). The importance factor γI of the 

EC 8-1 should be properly taken into account, allowing for the expansion of life-time beyond 50 

yrs, or (equivalently) taking into consideration the generalized consequences of a potential failure. 

The “targets” could be two, namely B1 and A2 or C1 and B2 or A2, depending on the use and 

importance of the building, while for new buildings the “target” according to the EC 8-1 is in 

principle B1 (life and property protection, pe = 10% in Lt = 50 yrs). This foreseen “target” (a 

combination of the PL and of the seismic action, in terms of pe – if and when this is permitted) 

influences all phases of assessment and redesign, including methods of analysis (linear for PL A or 

B, non-linear for PL B or C), q and m factors, actions and action-effects, resistances, detailed 

provisions, verifications etc. For PL B, “conventional” values of q and m are taken into account, 

while for PL A or PL C lower or higher values are foreseen, respectively. 

When linear (or pseudo-linear) analysis is to be used for existing structures, especially URM 

ones, two methodologies are foreseen according to the new Greek Codes, namely:  

 The use of an overall behaviour factor q, for the entire structure, being in fact a product of the 

overstrength (qo) and of the ductility (qd) factors of the building as a whole, i.e. q = qo . qd , or 

 The use of local “displacement” ductility factors mi (directly interrelated to qd, i.e. mi ↔ qd), for 

individual structural elements (primary or secondary), based on their available ductility (their 

skeleton or back-bone curves). 
The Codes contain detailed criteria and application rules for estimating qo , qd and mi values, 

for existing elements (damaged or not) or for elements after repair/strengthening or for new (added) 

ones, as well as for the interrelation mi ↔ qd , for assessment or redesign purposes, depending of 

course on PLs and DRLs, as well as on aspects of structural regularity. To this end, two comments 

are made: 

 The values of mi factors are chosen and calibrated so that the value of the corresponding overall 

q factor of the structure as a whole does not deviate by more than 15% than the foreseen 

conservative default value according to the Codes, and 

 The value of mi factor for an individual element is a good and reliable estimator of its seismic 

behaviour; by convention, if mi ≥ 2, i.e. if the behaviour is quasi-ductile, verification is made in 

terms of “deformation” (based, in principle, in materials properties represented by just their mean 

values, properly calibrated), while if mi < 2, i.e. if the behaviour is quasi-brittle, verification is 

made in terms of “force” (based, in general, on materials properties represented by their mean 

values minus one standard deviation, taking into account proper γm factors, depending on DRLs). 
In general, the global or local verification and the final check of the safety inequality,                                                  

i.e. Ed = γEd . E (Ek . γf) < (1:γRd) . R(Rk:γm) = Rd, is performed in terms of “force” for linear analysis 

or non-linear analysis and brittle members, or in terms of “displacement” for non-linear analysis 

and ductile members. In addition, linear modelling is meant to be used mainly for new buildings 

and non-linear or pseudo-linear is meant to be used priparily for the purposes of assessment and 

redesign of existing buildings. To this end, emphasis is given on the need for “harmonized” values 

of E and R, i.e. for parameters and variables entering E and R of the same reliability level. 

Note 

Depending on a reference life-time Lt (= 50 yrs) and on pe (= 10% or 50%), the mean return period 

of the design seismic event is estimated as T10 ≈ 475 yrs or T50 ≈ 75 yrs, since T = – Lt/ℓn (1 – pe) . 

Therefore, the seismic action (in terms of acceleration) could be assessed as a50/a10 ≈ (T50/T10)
k
, 

with k (depending on seismicity) approx. equal to 3 (for overall European data, see EC 8-1) or to 4 

(for Greek data), leading to a50/a10 ≈ 0.6. 

The importance factor γI, practically equal to 1.0 ÷ 1.4 for cultural buildings, accounts for a 

reliability differentiation, while for γI > 1.0 amplification effects due to the site topography should 

be also taken into account. On the other hand, a differentiation due to viscous damping (being 

different from 5%) is not foreseen or “allowed” by the EC 8-1. Nevertheless, this issue is still open, 

since over-conservative approaches should be avoided, especially for existing buildings.   
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4   ANALYSIS, VERIFICATION 

As it is already mentioned, the analysis and the verification (Ed < Rd, see § 3), is strongly 

influenced by the foreseen “target” (the “desirable” structural behaviour, or – actually – the 

accepted degree of damage)), i.e. a combination of the PL and of the seismic action (for Lt = 50 yrs 

and pe = 10% or 50%, see Note / § 3, if and when this is permitted). All methods of analysis (global 

or local ones) are foreseen and applied, while certain relevant issues are shortly discussed, as 

follows (see, also, [16] to [21]: 

 Really confined or reinforced masonry is not the case for the majority of traditional buildings, 

even after structural interventions; therefore, they have to “survive” with a limited dissipation 

capacity, reflected in limited q or m values or in poor skeleton curves (bilinear or trilinear ones); 

 It is generally recognized that a tolerable or a satisfactory seismic behaviour is attained only if 

premature and “disorganizing” out-of-plane failures and collapses (even local ones) are reliably 

prevented, so that in-plane resistances of URM walls could be fully exploited (see, e.g., [22] and 

[23]); therefore, early checks of wall face or lateral loading, even approximate ones (based on the 

mechanics of plates or of arching action, depending on the support conditions), should prove that 

out-of-plane problems are excluded; 

 The resistance of URM walls and low-rise buildings could be exploited only in the case of quasi-

regular and compact structures, containing well distributed and connected walls and floors/roofs, 

offering a kind of a “box action”; walls, “isolated” or intersecting (with “flanges”), should not tend 

to behave independently; 

 Analysis and verification (dimensioning and redimensioning) in terms of too small or too large 

resisting areas of masonry is always a problem; local stresses (by means of FEMs, with 2D or 3D 

elements) or overall member forces should be “representative” of an appropriate “critical” volume 

of masonry ([24]), practically more than approx. 0.25 m
3
; 

 Complicated geometries, in plan or in elevation, coexistence of squat and slender walls or piers, 

irregular openings etc. do not allow refined analyses or advanced non-linear methods, including 

even equivalent frame analyses (with modified end-segments) and spandrels; 

 Global linear or pseudo-linear analysis of spatial (3D) or planar (2D) models is applied in the 

majority of cases (especially for PLs A or B), combined with a limited redistribution of forces (± 

15% up to ± 25%, depending on the redundancy as well as on the expected damages) between 

adjacent elements, in circumstances where a limited displacement capacity can be defined with 

confidence (for the assessment or the redesign), while static approaches are preferred against 

dynamic ones; afterall, URM buildings are not compatible with a multi-modal response; 

 In addition, kinematic methods and stereostatic models are usually applied for local analysis and 

specific problems, e.g. by means of discrete macro-elements or of struts-and-ties (or trusses) in 

areas with tie or ring elements, or with confining beams and columns etc. 

 

Regarding the behaviour or the ductility factors (q or m, respectively) of URM buildings or 

walls, w/o any differentiation due to viscous damping (see Note / § 3), certain issues should be 

marked out, as reported by others as well: 

(i) The reference max. values of global q (associated with m, see § 3), foressen by the ECs for 

URM buildings, are conservative, especially for PL B. It is reminded that q6 = 1.5 k ≥ 1.5 and q8 = 

(1.5 ÷ 2.5) k ≥ 1.5, where the factor k equals to 1.0 or 0.8 for buildings regular or irregular in 

elevation and the subscript 6 or 8 refers to URM buildings conforming to the provisions and rules 

of the EC 6 or the EC 8, respectively. In addition, no specific guidance is given on the estimation of 

the surpluss strength or the so-called overstrength factor (au/a1 ≤ 1.5, see the EC 8-1), depending 

mainly on the regularity (or irregularity) in plan and on the overall structural scheme. To this end, 

non-linear static (pushover) analyses have shown that for PL B overstrength factors could be of the 

order of 1.1 to 1.6, depending on the regularity (or irregularity) in plan as well as on the number of 

storeys and of walls per direction, while overall q factors (including overstrength) could be of the 
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order of 1.4 ÷ 1.8 for buildings irregular in elevation and of 2.0 ÷ 2.6 for buildings regular in 

elevation (with a ratio between them of approx. 0.7 instead of 0.8). Thus, the “penalty” for irregular 

URM buildings is higher than that expected for buildings made with other materials.  

(ii) The actual m values (for member capacities) are equally higher than those “hidden” in the 

conservative q factors of the Codes. Research results on URM walls, made of rubble stone masonry 

(see § 5), have repeatedly shown m values of the order of at least 2.0 to 2.5 for squat walls and of 

the order of approx. 2.5 to 3.5 for slender walls. Therefore, it is reasonable to assume that q ≈ 2m/3 

(or, equally, m ≈ 1.5q), at least for regular URM buildings w/o any wear or damage. 

 

Regarding the resistances of URM walls, foreseen by the Codes or reported in the technical 

literature, certain issues are emerging as well (see § 5): 

(i) Flexular and shear resistances (MR and VR, respectively) are influenced by the simultaneously 

acting axial force (NE), which in turn is influenced by the vertical component of the seismic action. 

To this end, the EC 8 (or the EC 6) does not contain specific rules for masonry buildings, although 

it contains rules a) for the vertical component of the seismic action (with avg/ahg ≈ 0.9 for Type 1 

elastic response spectra with Ms > 5.5, a higher amplification, i.e. 3.0 instead of 2.5, a soil factor S 

= 1, lower corner periods and qv < qh ≤ 1.5), and b) for the three combinations of the effects of the 

seismic components (with a factor of 0.3), globally or locally. 

As far as the analysis and the action-effects are concerned, the EC 8 contains two clear provisions, 

as follows: 

─ The vertical seismic component may always be neglected in the case of pushover analysis, and  

─ Masonry elements are not included in those specifically listed and for which the vertical seismic 

component should be taken into accound if avg is greater than 0.25g (2.5 m/s
2
).  

Nevertheless, the influence of the avg on the acting axial forces influencing resistances should be 

always considered. For Greek standards, with avg/ahg ≈ 0.7 and qv ≈ 0.5 qh ≥ 1.0 (according to the 

Aseismic Code of 2000, still in force), and with a clear reference on the influence of NE on MR and 

VR of masonry, a practical rule is commonly applied, that of combined effects of reduced gravity 

loads (e.g. by 15%) plus the horizontal seismic loads (see also [25]). In fact, in the majority of 

cases, the vertical seismic component is not affecting axial resistances (NR values) thanks to the 

larger and inherent available margins of safety against gravity loads. 

(ii) Shear resistances according to the ECs, and besides their apparent differences (see § 5), are 

based on horizontal sliding along bed joints at the base of the URM walls. Nevertheless, in real 

buildings or in experiments on URM walls, horizontal sliding is seldom the case even for low 

values of the axial force, while the predominant type of failure is that of diagonal (or bi-diagonal) 

cracking of the wall along bed and head joints, see, e.g., [26] and [27] as well as Fig. 2. To this end, 

it seems that cracking strengths (VR,C) are not that higher than sliding strengths (VR,S) for practical 

values of NE. In fact, both failures are almost equally probable (see § 5). 

 

  
 

Fig. 2 – Clear bi-diagonal cracking of URM wallets under cyclic imposed displacements 

before and after interventions by means of light jackets ([26] and [27]). 
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5   FURTHER ISSUES 

Two further significant issues are emerging with the application of the framework of the ECs, 

that of “simple” URM buildings (belonging to lower importance classes), for which an explicit 

safety verification is not mandatory (see EC 8-1: 2005, § 9.7), and that of shear strengths (see EC 8-

3: 2005, Informative Annex C, §§ C.4.2 and C.4.3, as well as EC 6-1-1: 2005, § 3.6), as compared 

to existing data and other practical recommendations (normative or not) till now. To this end, 

National Annexes (“strong” ones) could or should contain additional or modified criteria and rules. 

 

5.1 The provision for “simple” low-rise buildings 

 

An URM building could belong to this category as it is or as it will be structurally “shaped” 

thanks to “versatile” interventions (e.g. modifications, corrections, additions etc.), complying with 

all the relevant prerequisities and characteristics, which (afterall) are basic (guiding) principles and 

recommendations for structural simplicity and uniformity, symmetry and regularity, redundancy, 

bi-directional and torsional resistances, adequate arrangement and connections of walls as well as of 

walls and floors/roofs (“diaphragms”), adequate foundation etc. 

Such “simple” and low-rise buildings, with thick, long and closely spaced (≤ 7m) URM walls 

and piers (“flanges”), have fundamental periods of vibration approx. equal to T1 ≈ 0.1n ( 30%), 

were n is the number of storeys (see, also, the relative approximate expression T1 ≈ Ct . H
3/4

, H: 

height in m, Ct ≈ 0.05 or 0.075/Ac
1/2

, according to the EC 8-1); therefore, their response is related to 

the plateau of the spectra, of Type 1 (Ms > 5.5) for Greece, with a soil factor S = 1.0 to 1.2 and 

corner periods TB(s) = 0.15 to 0.20 and TC(s) = 0.40 to 0.60, for ground types A to C.       

The overall response of these buildings has been proved to be at least “tolerable” (over 

decades or even centuries), based on a “simple” but rational parameter, the min. percentage of areas 

of shear walls (sum of areas in each direction) over the total floor area per storey, pA,min, for walls in 

two directions, well distributed in plan and continuous from the base to the top of the building. 

According to the EC 8-1, this pA,min, with values of 2% to 5%, is a kind of a product of two 

terms, one related to the number of storeys n (limited, depending on seismicity) and another related 

to the “corrected” seismicity (acceleration) at site, i.e. to k . (γΙ agR S), with the corrective factor k = 

1 + 0.25 (ℓave -2) ≤ 2, where ℓave (m) is the average length of the walls considered, for buildings 

where at least 70% of the walls considered are longer than 2 m. To this end, this application rule as 

well as all the other related requirements for “simpe” buildings could (and should) be further 

elaborated and included in National Annexes, covering specific particularities, typologies, materials 

and structures, seismicity etc.    

     

5.2 The shear strength of URM walls (see also § 6) 

 

Certain issues related to the simultaneous vertical component of the seismic action and to the 

actual type of failure (horizontal sliding or diagonal cracking) have been already discussed (§ 4). 

According to the EC 8-3, the critical shear strength could be estimated as follows, with the mean 

compression and “adhesion” masonry strengths (fcm and fvmo) obtained from in-situ tests and from 

the additional reliable sources of information, while the confidence factors (CFs) account for the 

level of knowledge attained (CF = 1.00, 1.20 or 1.35, for KL 3, 2 or 1, respectively): 

 

Shear failure of URM elements (squat), with VRd ≤ VMd (and N: the acting axial force) 

 For PL A or B, in terms of force 

 VRd = fvd ℓc t , fvd = fvdo,r + 0.4 N/ℓc t ≤ 0.065 fcd,r 

 For PL B or C, in terms of drift 

 drV = kp . kv . 0.004, 

 kp = 1 or 4/3, for PL B or C, respectively, and kv = 1.0 or 1.5, for primary or secondary seismic 

 walls, respectively 
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Flexural failure of URM elements (slender), with VMd ≤ VRd (and N: the acting axial force) 

 

 For PL A or B, in terms of force 

 VMd = (0.5 N ℓ/ho) (1 – 1.15 νd), νd = N/fcd ℓt  

 For PL B or C, in terms of drift 

 drM = kM . drV,  

 kM = 2 ho/ℓ, for both primary and secondary seismic walls, 
 

with 
 

t : the wall thickness, ho : the wall height to the contraflexure point 

ℓ : the wall length, ℓc : the wall compressed length 

fcd  : fcm/CF and fcd,r = fcd/γ 

fvdo  : fvmo/CF and fvdo,r = fvdo/γ (the “initial” shear strength, in the absence of axial force) 

γ = 2γm/3 (≥ 1.5), with γm according to the EC 6, for primary seismic walls, or  

γ = 1 ( fcd,r = fcd and fvdo,r = fvdo), for secondary seismic walls. 

 

To this end, it has to be mentioned that the estimation of the limited shear strength fv,lim is 

completely defferent according to the EC 8-3 (fvd ≤ 0.065 fcd,r, i.e. a fracture of the reduced design 

compressive strength of the masonry) or to the EC 6-1-1 (fvk ≤ (0.065 or 0.045) fb, i.e. a fracture of 

the mean compressive strength of the masonry units, higher or lower, depending on the head joints 

being fully or partially filled, respectively). In addition, according to the EC 6-1-1, the characteristic 

“initial” or “adhesion” strength (in the absence of N) could be estimated as   κ . fvko, where k = 1.0 

or 0.5 for head joints being fully or partially filled (but with adjacent faces of the masonry units 

closely abutted together), respectively, and fvko (MPa) = 0.10 (to 0.20), depending on the mortar 

strength.    

 

6   CASE STUDIES 

During the last decade, several old low-rise URM buildings (mainly schools and residential 

ones) have been assessed and redesigned according to the new European framework of Codes as 

well, while for a few of them (in 3 out of a total of 7 cases) the provisions for “simple” buildings 

could be successfully applied (see § 5.1).  

 

a) One of the major issues is that of strengths, for an “undisciplined” masonry not “respecting” the 

provisions of the ECs. To this end, for old Greek masonry (a single-leaf one, with tolerable 

bonding), made of natural stone blocks or solid thick bricks and low strength mortars, with fbc/fmc 

ratios usually more than 5 to 10 (and up to 50!), semi-empirical expressions and default values were 

used ([9], [26] and [27]), as follows (for intact materials and walls): 

 Stones (made of limestone): 

 fbc  50 MPa ( 20%), fbt  fbc/10 ( 20%)  

 Bricks (made of clay, “fired”/partly though): 

 fbc  15 MPa ( 30%), fbt  fbc/10 ( 20%)  

 Lime mortars: 

 fmc  13 (up to 5) MPa, see also Fig. 1, fmt  fmc/5 ( 30%) 

 Joints (thick ones): 

 For stones, joints of 20 to 35 (up to 50) mm, with a reference mortar volume of approx.  

 vmr  0.250.35 (0.30). 

 For bricks, joints of 15 to 25 (up to 35) mm, with a reference mortar volume of approx.  

 vmr  0.200.30 (0.25). 

 Bed joints are practically fully filled, while head joints are partly filled (40% to 90%). 
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 Masonry mean compressive strengths: 

 (n or p : normal or parallel to bed joints, respectively, d: diagonal) 

 fwc,n  (2/3 . √    – r) + k . fmc , fwc,p  2/3 . fwc,n ( 15%), fwc,d  4/3 . fwc,n ( 15%), 

 where k = 0.5 for stones (with wall thicknesses less than approx. 0.7 m) or 0.1 for bricks (with 

wall thicknesses less than approx. 0.3 m) and r is a subtracting factor (in MPa) depending on the 

“regularity” of the units, with values of 0.5, 1.0 or 2.0 in the case of almost regular (orthogonal) 

blocks or bricks, semi-regular blocks or rubble (cobble) stones, respectivelly. 

 In addition, an overall modification factor should be applied, i.e. a multiplier of fwc, higher or 

lower than 1, depending on the mortar volume (per m
3
 of masonry) being lower or higher than 

the reference one (vmr), respectivelly.  

 For regular stone blocks of lower strength (usually made of porous stone) or clay bricks and 

fbc/fmc values lower than 5 to 10, a modified expression could be used for fwc,n (and the associated 

fwc,p and fwc,d), as follows: fwc,n  1/3 . (fbc – 3) + 0.1 fmc, for vmr  0.20. 

 Finally, it has to be mentioned that compressive strengths are influenced by the simultaneous 

shear stresses; nevertheless, for shear stresses less than approx. 2/3 . fwv, the limited relative data 

show a reduction of compressive strengths less than approx. 20%. 

 Masonry mean tensile strengths: 

 (n or p: normal or parallel to bed joints, respectivelly, d: diagonal) 

 fwt,n  fmt, fwt,p  2fwt,n  2fmt, fwt,d  1.5 fwt,n ( 25%)  1.5 fmt 

 Masonry mean shear strengths:                    

 (S: horizontal sliding, C: diagonal cracking) 

 fwv, S  fwvo + μ . (0.85 σo), fwv, C  (2/3) . fwt,d . √ 1 + 0.85   /       fmt . √1 + 0.5        , 

 where fwvo is the apparent “adhesion” strength and μ is the apparent friction coefficient. 

 For normal stresses σο less than approx. 1/3 (1/2) . fwc,n, the phenomenological linear 

relationship for horizontal sliding (which is the “basic” model for shear failure) could be based 

on the following values: 

 fwvo  (1/22/3) . fmt, and μ  0.5 ( 20%, depending on σο/fwc,n). 

 Pseudo-elastic “constants”: 

 E  750 fwc , G  0.4 E  300 fwc (for ν  0.25). 

Notes 

1. Mean compressive strengths according to the previous expressions deviate more than those 

foreseen by the EC 6 especially in the cases of higher fbc/fmc values. It is reminded that the relevant 

expression of the EC 6 for the characteristic masonry strength, i.e. the expression fwck = 0.45 . fb
0.7

 . 

fm
0.3

 (in MPa), is valid for higher strength mortars and for joints with a max. thickness of 15 mm, 

while it could be applied practically for both directions (n or p). 

2. The anisotropy of masonry regarding compressive and tensile strengths is clearly addressed in 

the proposed expressions. Additional relative data may be found in [28] to [31], regarding mainly 

“regular” brick masonry, while a clear anisotropy is also taken into account regarding face or lateral 

loading, see here below. 

3. For out-of-plane loading, the flexural tensile strengths of masonry could be estimated according 

to the EC 6 provisions as fxki = km . ki . 0.05 MPa, where km = 1 or 2 for fm < 5 MPa or fm  5 MPa 

and ki = 1 for cracking parallel to bed joints (horizontal), i.e. for fxk1 (see also fwt,n), up to ki = 4 (or 

2/3 . 4) for cracking normal to bed joints (vertical), i.e. for fxk2 (see also fwt,p), and head joints fully 

(or partly) filled, respectivelly. 

4. Large deviations and differences are reported in the technical literature as far as the shear 

strength of URM walls is concerned, based on the “simple” and “familiar” mechanism of horizontal 

sliding (a pseudo-Coulomb approach), which afterall is a conventional one, i.e. a simplification of 

the real interaction (probably a tri-linear one). Nevertheless, it is widely accepted that the sliding 

shear strength is a safe representative of the actual shear strength over the typical range of normal 
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stresses (σο) for uncracked masonry. To this end, certain relative issues have been already discussed 

in §§ 4 and 5, regarding the terms of “adhesion” and of “friction”, as well as the limit value fv,ℓim. 

According to the EC 6, μ  0.4 and fvko  0.10 MPa for dimensioned natural stones and low strength 

general purpose mortars, although for higher mortar strengths values of 0.15 MPa or even of 0.20 

MPa could be used. According to [25] and [10], μ-values could range from approx. 0.2 to 1.0, 

depending on crack roughness as well as on loading (being monotonic or cyclic), while “adhesion” 

values could range from 0.1 to 1.0 MPa, with a typical value of 0.05 fwc or 0.10 √   . For interfaces 

or cold joints of concrete walls, according to the EC 2 and the EC 8, μ  0.6 or 0.7 and the adhesion 

strength is approx. equal to ft/6 or ft/4 for smooth or rough interfaces, respectively, while fv,ℓim  0.3 

fc, where ft and fc is the concrete tensile and compressive strength. 

 

b) Due to the significant differences regarding actions and their effects as well as resistances (see in 

the previous paragraphs of this paper), different upgrading and strengthening schemes could be 

applied; therefore, emphasis is given on the elimination of the predominant weaknesses (including 

that of premature out-of-plane failure of walls) as well as on the securing of an overall integrity and 

connection between load-bearing elements (of all kinds), not to mention aspects of durability. Of 

course, structural interventions have to cover not only the superstructure of the building but its 

basement(s), if any, and its foundation as well; afterall, in many cases, major problems are faced for 

old masonry below groud level under the combination of adverse ground conditions and of high 

action-effects, not to mention possible adverse effects due to heavy new adjacent buildings, deep 

excavations and dewatering etc. Various techniques (and materials) are reported in the technical 

literature (see, e.g., [9], [10], [32] to [37]), while an inventory of structural interventions 

(incomplete though) could be found in the EC 8-3 (Informative Annex C, repair and strengthening 

techniques). Nevertheless, normative (or even informative) guidelines or rules regarding modelling, 

redimensioning, minimum/maximum requierements etc. are still missing. 

 

Within this framework, a combination of simple and conventional techniques (and materials) 

was applied for almost all of the present case studies (a total of 7 old URM buildings), see Fig. 3 to 

Fig. 9, with emplasis on: 

 

 Proper justification of the type of the foreseen intervention and estimation of its expected effect 

on the structural response, global or/and local, type-by-type and not collectively (for the 

combined effect of all them), and 

 

 Proper selection of the materials and the techniques, on a case-by-case basis, combined with 

clear requirements (quantitative ones) regarding the quality control and the assessment of the 

effectiveness of interventions. 
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Fig.3 - Arrangement of pairs of "active" steel ties on the facade URM walls of a school 

building (∅32 mm in plastic sheaths ∅40 mm filled with a special grease). 

 

 
 

Fig.4 - Instatement of steel ties ("blind" ones, inox or not) at the corners or junctions of 

intersecting orthogonal URM walls, cracked or not. 
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Fig.5 - Stitching of cracks by means of small diameter steel ties (inox or not, straight or 

helical), in bed joints. 

 

 
Fig.6. - Instatement of tying elements,see also Fig.7, i.e. of "bridging" long stones or of 

"blind" steel ties (inox or not), insuring that there is no mortar joint parallel to the faces of the wall 

through all or any part of it. 

 

 
 

Fig.7 - Details of the tying elements, arranged by turns, on both faces of URM walls 

(min.1/m
2
 of any face). 
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Fig.8. - Arrangement of closed RC ring beams at the levels of roof and of floors, with strong 

corner joints, creating closed horizontal frames (with members spacing ≤ 7 m). 

 

 
 

Fig.9. - Arrangement of closed RC ring beams at the interior and the exterior of a basement 

(C20/25, B500C, 10∅14, ∅10/150). 
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