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In-plane seismic behaviour of ashlar three-leaf stone masonry walls: Verifying 
performance limits
Meta Kržana and Vlatko Bosiljkovb

aThe Department of Structures, Slovenian National Building and Civil Engineering Institute, Ljubljana, Slovenia; bFaculty of Civil and Geodetic 
Engineering, University of Ljubljana, Ljubljana, Slovenia

ABSTRACT
In light of the forthcoming second generation Eurocodes (EC), the results of conducted systematic 
in-plane cyclic and compressive tests on three-leaf stone masonry walls are discussed following 
new requirements and provisions. The new proposal for EC8-3 for existing buildings is based on 
partial factors safety approach, though it considers different uncertainties in defining input para
meters for effective seismic performance-based assessment. Prior to its application, massive cali
bration effort will be needed since there is no standardized method for shear testing of masonry 
walls. In this paper, the performance limit states damage, resistance, and displacement capacities 
from conducted test results were evaluated and assessed through comparison with analytical 
solutions and imposed limit values, as stated in existing codes. The test results provide a much 
higher deformation capacity than the limits provided in both existing and new proposal of EC8-3 as 
well as those in the ASCE code provisions. The reason for this lies in the soft, “ductile” mortar for 
which the presumed resistance according to code provisions should be significantly higher when 
considering good quality ashlar three-leaf stone masonry.
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1. Introduction

For the analysis and design of stone masonry struc
tures, current Eurocode provisions for existing build
ings do not differentiate between single- and multi-leaf 
walls and the analytical models for determination of 
mechanical parameters being provided are valid only 
for solid masonry (EN 2005-3: 2005 2005). Thus, for 
the assessment of the shear behavior of in-plane lat
erally loaded multi-leaf walls for the purpose of effec
tive seismic PBA (Performance-based Assessment) of 
architectural heritage structures, the same analytical 
models as those for single-leaf walls are used. 
Existing EC8-3 consider two failure mechanisms— 
shear mechanism based on the Mohr–Coulomb 
model and flexural mechanism. The former one is 
not suitable for irregular masonry, thus the most 
common models for this type of masonry for deter
mining the shear resistance are models for diagonal 
failure by Turnšek and Čačovič (1971) based on phe
nomenological approach and for shear failure by 
Mann and Müller (1982) based on several criteria’s 
including the Mohr–Coulomb model for the sliding 
mechanism. These models have already been incorpo
rated in some national codes (DIN 1053-1: 1996-11 
1996; NTC 2018 2009) together with the model for 

flexural resistance that is also adopted in the new 
emerging version of Eurocode 8–3 (EN1998-3 SC8 
06-10-2019 2019).

For nonlinear analysis, the drift (rotation) capacity of 
walls is, for various damage limit states in current code 
provisions EC8-3 (EN 2005-3: 2005 2005) and ASCE/ 
SEI 41–06 (based on former FEMA 356 (ASCE/SEI 41– 
06 2007)) among others, provided in dependence of two 
failure mechanisms (i.e., shear or flexural). Imposed 
limits differ in dependence from geometry and bound
ary conditions of the elements. The new EC8-3 proposal 
considers three failure mechanisms (flexural, shear slid
ing, and diagonal cracking mechanism) for regular 
masonry, while the shear sliding mechanism is omitted 
in the case of irregular masonry.

Unlike existing EC8-3, the new proposal considers 
different shapes of nonlinear capacity curves. Apart 
from the bi-linear curve, there are numerous multi- 
linear options with different possibilities for modeling 
post-peak behavior of both piers’ and spandrels’ 
masonry structural elements.

Regarding the effective stiffness to be presumed for 
the initial part of the multi-linear response curves to be 
adopted in models, it was confirmed by Vanin et al. 
(2017) that the estimation of stiffness characteristics 
has great uncertainty, as the experiments considered in 
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the study show 2–3 times higher variation for effective 
stiffness compared to the predicted strength character
istics. The authors analyzed the results of 16 different 
experimental campaigns of stone masonry walls, varying 
in wall typology and testing (both diagonal compression 
as well as shear tests, monotonic and cyclic, laboratory, 
and in-situ were considered).

The new EC8-3 proposal (EN1998-3 SC8 06-10-2019 
2019) is in agreement with the general framework of 
Eurocodes and is based on the partial factors safety 
format. It considers different (both aleatoric and episte
mic) uncertainties in defining input parameters for 
effective PBA provided in the form of a bias factor and 
dispersion parameters. Its output, however, is not in 
a probabilistic format. It requires single final analysis, 
prior to which a so-called “sensitivity” analysis of the 
structure’s response is foreseen in order to identify the 
most influencing parameters (materials, details, and 
geometry) and properly set a degree of belief for each 
of them. Depending on the results of preliminary sensi
tivity analysis, further in-situ investigation could be 
optimized in order to properly set the knowledge levels 
for input parameters. Prior to its implementation, this 
new approach requires a massive calibration effort, that 
is yet to be done, before the new proposal of EC8-3 
becomes operational (Franchin, Pinto, and Rajeev 2010).

Apart from considering different knowledge levels 
for material, details, and geometry through partial 
factors, all mechanical and deformation parameters 
for the PBA, according to new proposal of EC8-3, 
are provided as mean values together with their coef
ficients of variation. This approach is eligible if there 

are standardized methods for evaluation of both 
mechanical parameters and performance limit states 
for masonry structural elements. However, it may be 
a debating issue if there are no standardized methods 
to evaluate behaviour and performance limits for lat
erally in-plane loaded masonry walls. From this per
spective, the results of the experimental tests 
(presented in detail in (Kržan and Bosiljkov 2021)) 
were compared and discussed, considering the provi
sions stated in the main part as well as in the Annex 
E of the new proposal of EC8-3.

1.1. Summary of conducted own experimental tests

An extensive experimental laboratory campaign includ
ing 2 compression and 15 cyclic shear tests on full size 
three-leaf stone masonry piers (100/40/150 cm3) was 
conducted together with tests on the constituents. Test 
setup for cyclic shear tests with specimen is presented in 
Figure 1. The external leaves of 15 cm average thickness 
were constructed of regularly coursed, squared, and 
roughly tooled ashlar limestone and low strength lime 
mortar with joints of 2.0 cm average thickness, while the 
internal core of 10 cm approximate thickness was filled 
with stone rubble and lime mortar with low percentage 
of voids. Lime mortar compressive strength at start of 
testing was 1.88 MPa while average compressive 
strength of stone-cube specimen cut from stone units 
was 171.5 MPa. Half of the specimens had header stones 
going through the whole depth of the specimen, which, 
however, proved not to significantly influence the 

Figure 1. Test setup for cyclic shear test.
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response for the tested type of walls under compression 
or shear loading in terms of strength and deformation 
capacity obtained.

Compression tests on two walls with different mor
phology provided average compressive strength, elastic, 
and shear modulus equal 6.05 MPa, 968 MPa, and 
383 MPa, respectively.

Results of cyclic shear tests, relevant for the pre
sented paper, are summarized in Table 1. To obtain 
different failure mechanism and to study and verify 
shear behavior performance limits under various 
conditions: two variations of boundary conditions 
were imposed (cantilever and fixed-fixed) and three 
different levels of constant vertical loads were 
applied on the walls during shear testing, i.e. 5.0, 
7.5, and 15.0% of compressive strength of masonry 
fMc. In Table 2, the damage mechanisms obtained in 
tests are presented and lateral resistance and displa
cements obtained for characteristic limit states (first 
shear crack (Fcr, dcr), maximum resistance (Fmax, 
dFmax), and maximum displacement (Fdmax, dmax)) 

Table 1. Specimen characteristics, shear tests combinations, and the failure mechanisms of walls and displacements (di) and resistances 
(Fi) obtained in various characteristic limit states in cyclic shear tests of walls with mean values and coefficient of variation (CV).

Test

Vert. 
load 
[%  

fMc]
Boundary 
conditions

No. of rows 
of stone

Failure 
mechanism

First shear crack Maximum force Maximum displacement

dcr 

[mm]
mean 
(CV)

Fcr 

[kN]
mean 
(CV)

dFmax 

[mm]
mean 
(CV)

Fmax 

[kN]
mean 
(CV)

dmax 

[mm]
mean 
(CV)

Fdmax 

[mm]
mean 
(CV)

1-SPk-5-1 5 cantilever 11 Rocking 0.00 0.0 49.6 42.1 49.8 41.2
1.2-SPk-7.5– 

1
7.5 cantilever 11 Rocking 34.70 26.0(-) 57.7 54.8(-) 69.5 63.8(-) 68.5 65.2(-) 69.7 64.8(-) 66.1 63.2(-)

2-SNk-7.5–1 7.5 cantilever 11 Rocking 17.37 51.9 58.1 61.8 59.8 60.3
3-SNv-7.5–1 7.5 fixed-fixed 11 Mixed 7.44 8.27* 

(14)
61.2 65.0* 

(9)
22.3 25.6* 

(12)
88.2 105.7* 

(12)
24.9 28.2* 

(8)
73.0 77.2* 

(24)4-SPv-7.5–1 7.5 fixed-fixed 11 Mixed 7.45 60.9 29.7 119.9 29.9 101.7
5-SNv-7.5–2 7.5 fixed-fixed 11 Mixed 9.93 73.0 24.7 109.0 29.9 83.3
6-SPv-7.5–2 7.5 fixed-fixed 10 Mixed 7.45 60.2 9.9 61.9 14.9 50.8
7-SPv-15-1 15 fixed-fixed 11 Shear 2.98 3.23 

(34)
81.4 70.1 

(20)
14.8 14.8 

(6)
129.2 123.0 

(3)
19.9 21.1 

(6)
81.9 91.7 

(7)8-SNv-15-1 15 fixed-fixed 12 Shear 4.96 85.7 14.9 121.2 22.4 90.3
9-SPv-15-2 15 fixed-fixed 11 Shear 1.98 52.5 16.1 122.1 22.4 93.6
10-SNv-15-2 15 fixed-fixed 12 Shear 2.98 60.9 13.4 119.4 19.9 100.8
11-SNk-15-1 15 cantilever 11 Shear 2.98 3.48 

(25)
68.3 72.7 

(10)
15.0 18.1 

(25)
114.5 118.7 

(4)
22.4 24.9 

(24)
98.6 103.0 

(4)12-SPk-15-1 15 cantilever 11 Shear 2.98 65.8 15.2 114.0 22.4 100.9
13-SPk-15-2 15 cantilever 11 Shear 2.98 72.2 16.2 122.5 19.9 104.7
14-SNk-15-2 15 cantilever 11 Shear 4.97 84.5 26.0 123.7 34.9 108.0

*Test no. 6 is not considered in the calculation of average results. Letters N or P in the test name relate to morphology (N — without and P — with header 
stones).

Table 2. Literature reference fMc values and values calculated according to various analytical models.
fMc [MPa]

Literature values Analytical models

NTC 2018* 
(2018) 
(Italy)

PIET 70 (1971) 
(Spain and 
Portugal)

Slovenia 
(Bosiljkov 
et al. 2004)

Croatia 
(Aničić et al. 1989)

Egermann 
(1993)

Binda 
et al. 
(2006)

Tassios and 
Chronopoulos (1986); 
Tassios (2004)

Tassios and Chronopoulos  
(1986); Tassios (2004) 
(single-leaf) 
1986

dressed rectangular 
stone

ashlar masonry 
with 
hb < 30 cm 
and fbc 

> 100 MPa

ashlar roughly tooled 
multi-leaf

uncoursed 
three- 
leaf wall 
filled 
with 
rubble

6.0 (min) 4.0 1.2 (min) 4.7 (min) 3.44 (*) 4.73 (*) 2.66 (+) 6.51 (+)

8.0 (max) 1.6 (max) 5.5 (max) 4.49 (**) 6.23 (**) 1.42 (++) 6.75 (++)

hb denotes masonry unit (block) height, fbc compressive strength of the unit, (*) and (**) denote results considering compressive strength of external leaves as min 
and max values for dressed rectangular masonry according to NTC 2018 (NTC 2018 2018), respectively.

Table 3. Proposed mechanical characteristics for squared stone 
masonry.

fMc  

[MPa]
fMt 

[MPa]
fv0 

[MPa]
EM  

[MPa]
GM  

[MPa]

Mean value 7.00 -* 0.220 2800 860
CV 0.14 - 0.14 0.14 0.09

in NTC 2018 fMt = 1.5 fv0
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are provided for each test together with average 
results for the specific combination of vertical load 
and boundary conditions.

2. Mechanical properties for multi-leaf masonry

2.1. Compressive strength and stiffness properties

Although multi-leaf masonry is properly addressed in 
contemporary masonry codes, this topic has never 
reached some consensus among researchers regarding 
historical masonry. To evaluate compressive strength 
fMc of multi-leaf masonry, Egermann (1993) proposed 
a simplified model (Equation 1) based on the Binda et al. 
(1992) “spring” model and the results of experimental 
tests: 

fMc ¼ 2
t1

2t1 þ t2
θef e

Mc þ
t2

2t1 þ t2
θif i

Mc (1) 

The value t1 represents the thickness of the external leaf, 
while t2 represents the thickness of the internal (infill) 
leaf; θe and θi present correction coefficients for the 
external f e

Mc and internal f i
Mc leaf’s compressive strength, 

respectively. The coefficient θe depends on the bending 
stiffness of the external leaf, the boundary conditions 
and the bending moments, and is smaller than 1.0 due to 
f e
Mc never being reached as a consequence of horizontal 

loading through the yielding infill. The coefficient θi 

represents the ratio between the component stress at 
failure, and the uniaxial compressive strength of the 
infill. Since the lateral deformations of the infill are 
hindered by the outer leaves, and the vertical loading 
induces a tri-axial compressive stress state, θi is larger 
than one and depends on the stratification of the infill.

Binda et al. (2006) provided a solution considering 
different hypotheses of the external load supports:

the external load is completely supported by the stif
fer elements, i.e., the outer-leaves (Equation 2),

the external load is supported by each leaf according 
to its cross-section area ratio (Equation 3), and

the external load is supported by each leaf according 
to its area ratio and adjusted by a correction factor 
(Equation 1): 

fMc ¼ 2
t1

2t1 þ t2
f e
Mc; (2) 

fMc ¼ 2
t1

2t1 þ t2
f e
Mc þ

t2

2t1 þ t2
f i
Mc (3) 

For three-leaf masonry with keyed collar joints and 
ashlar masonry in the outer leaves, the authors proposed 
correction factors θe and θi equal to 0.7 and 1.3, 
respectively.

Greek authors Tassios and Chronopoulos (Tassios 
2004; Tassios and Chronopoulos 1986) determined the 
fMc of a multi-leaf historic masonry (Equation 4) based 
on the compressive strength of units and mortar fbc and 
fmc, thickness of the joints, shape of the units, and type of 
masonry (stone or brick) (Equation 5): 

fMc ¼ 2
t1

2t1 þ t2
f e
Mc þ

t2

2t1 þ t2
f i
Mc (4) 

f e
Mc ¼

2
3

ffiffiffiffiffi
fbc

p
þ k1fmc � k2

� �

=�e (5) 

�e ¼ 1= 1þ 3:5 k � k0ð Þð Þ (6) 

fMc
i ¼ f0e � 10nið Þ�i (7) 

δ ¼ t1=t2 (8) 

λe ¼ 1 �
0:018

f e
Mc

hw

t2

� �2

hw
2=3 :� ½

0:31 hw=t2ð Þ
3

E1
þ

t2

E2

" #

� 1 � 0:06ςet1h� 4=3
w

(9) 

E1 ¼ ς1f e
Mc (10) 

E2 ¼ ς2f i
Mc (11) 

In Equations 4–11, k0, k1, and k2 are coefficients depen
dent on the type and shape of the units: 0.3, 0.6, and 2.5 
for rubble stones, 0.2, 0.3, and 0.5 for cut stones, 1.0, 0.2, 
and 0.0 for ashlar stone blocks, and 0.3, 1.0, and 0.0 for 
bricks, respectively. k represents the proportion of mor
tar in the masonry by volume and ξe describes the bed- 
joint thickness and the volume of the included mortar. 
For evaluation of elastic moduli of external and internal 
leaves, ζ1 is equal to 500 for rubble, 1000 for cut, and 
1500 for ashlar masonry, whereas ζ2 is equal to 2000; λi is 
equal to 1, f0 depends on the mortar compressive 
strength fmc and is 35 MPa for fmc~10 MPa, 20 MPa for 
fmc~4 MPa, and 10 MPa for fmc~1 MPa. The value ni is 
the porosity of core stones, ξi is equal to 1.0 if the filling 
is made of larger or medium-sized blocks where gaps are 
filled with mortar, otherwise its value is 0.0. In 
Equation 9, t1, hw are inserted in [mm].

Furthermore, Egermann (1993) proposed the elasti
city modulus of multi-leaf walls to be calculated accord
ing to Equation 12. Eurocode provision EC6 (EN 1996- 
1-1: 2005 2005) prescribes that in the absence of experi
mental tests, the EM is determined as 1000 fMc. In the 
literature, this ratio (EM/fMc) may range between 500 
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and 1000, with a lower bound range of 80–140 fMc 

(Bosiljkov, Totoev, and Nichols 2005; Elmenshawi 
et al. 2011; Tomaževič 1999): 

EM ¼
2t1

tw
E1 þ

t2

tw
E2 (12) 

The new proposal of the EC8-3 (Annex E) provides 
a procedure for the assessment of the compressive 
strength of multi-leaf walls, where the inner core repre
sents a substantial part of the cross-section. The metho
dology reflects outcomes from double flat-jack tests. For 
three-leaf walls with unequal thicknesses of outer leaves 
(t1 and t3 are the thickness of the two external leaves, 
while t2 is the thickness of the inner core), the compres
sive strength is provided as (Equation 13): 

fMc ¼
EMεr

t1E1 þ t3E3ð Þεr þ t2f i
Mc

� �
=t

�
if εr � f i

Mc=E2
if εrgt; f i

Mc=E2

�

(13) 

The strain ɛr should be calculated at the attainment of 
the weakest external leaf’s maximum strength (ɛr = min 
(f 1

Mc/E1; f 3
Mc/E3)). However, as stated in the new propo

sal, in the case of negligible material properties of the 
inner core the equivalent properties of the masonry 
panel should be directly obtained from those of the 
external leaves by multiplying them with the ratio 
between effective thickness (external leaves) and total 
thickness (factor (tw-t2)/tw). In Italian code NTC 2018 
(2018) this reduction is necessary in case of core thick
ness larger than 30% of the overall thickness of the wall. 
The moduli EM and GM should be calculated as X in 
Equation 14: 

X ¼
t1X1 þ t2X2 þ t3X3

tw
(14) 

where Xi are the moduli of three different leaves.
In most masonry codes (including EC6), the shear 

modulus GM is prescribed as a fraction of EM. A simple 
design assumption of Poisson’s ratio (νM = 0.25) and of 

the isotropic material leads to the estimation: GM = 0.4 
EM. By considering the orthotropic nature of masonry, 
through the application of homogenization procedures, 
the adoption of lower ratios could also be justified, such 
as GM = EM/3; this latter ratio is assumed for the refer
ence values proposed in NTC 2018 (2018) and also 
supported by the results of some experimental cam
paigns (e.g., those illustrated in Magenes et al. (2010) 
related to the response of undressed double-leaf stone 
masonry walls).

The shear modulus determined according to these 
ratios relates to the uncracked or intact masonry. For 
seismic design purposes, GM should be reduced to 
a value of 5–25% of EM (Bosiljkov, Totoev, and 
Nichols 2005; Elmenshawi et al. 2011; Tomaževič 
1999). In the proposal of EC8-3, reference values of 
GM are provided in Annex E in dependence of the type 
of masonry, if in-situ tests on the building are not con
ducted (for this purpose diagonal compression test is 
encouraged).

2.2. Evaluation of compression test results through 
comparison with literature values and analytical 
models

To validate the fMc of the walls obtained in the tests, 
Table 4 presents the limit values provided in the litera
ture and code provisions for masonry typology which 
are similar to the ones of the tested walls and values 
obtained through analytical models (Binda et al. 2006; 
Egermann 1993; Tassios 2004; Tassios and 
Chronopoulos 1986). For calculation according to the 
Egermann and Binda et al. models, the min (*) and max 
(**) values considered for the compressive strength of 
external leaves were in accordance with NTC 2018 
(2018). Among all of the recommendations, this code 
provides the most structured values with regard to the 
type of masonry. For the inner infill layer, the results 
considered came from core compression tests conducted 

Table 4. Analytically calculated shear resistances VR for tested piers considering various failure mechanisms models for gross and net 
cross section area VR,net (in brackets) together with experimentally obtained averaged idealized shear resistance Fid.

VR (VR,net)

Pre-compression level, boundary 
conditions

VR,r 

[kN]

VR,d [kN] VR,dj [kN] VR,du 

[kN]
VR,s 

[kN]
Fid 

[kN]
Failure 

mechanismNTC min NTC max (b = 1.5) (b = 1.0)

7.5% fMc, cantilever 54.9 (53.2) 74.9 (63.0) 89.8 (74.9) 34.2 
(45.0)

45.0 
(43.9)

6659 90.0(67.5) 57.8 rocking

7.5% fMc, fixed-fixed 109.7 
(106.3)

74.9 (63.0) 89.8 (74.9) 37.1 
(34.3)

46.4 
(51.1)

6549 105.0 
(101.3)

100.2* mixed

15% fMc, cantilever 102.2 (95.3) 101.5 
(86.5)

119.6 
(101.5)

63.4 
(61.2)

93.4 
(87.8)

6538 187.5 
(187.5)

113.7 shear

15% fMc, fixed-fixed 205.4 
(190.6)

101.5 
(86.5)

119.6 
(101.5)

65.0 
(62.1)

97.5 
(93.7)

6495 202.5 
(198.8)

112.6 shear

* the mean Fid for 7.5% fMc vertical load and cantilever boundary conditions calculated for 3 tests with an average horizontal bed joint thickness of 15 mm. Test 
no. 6 is not included; Fid equal to 57.4 kN was obtained for test no. 6.
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within the experimental campaign on cylinder samples 
(compressive strength of 0.90 MPa). For the Tassios 
et al. models (Tassios 2004; Tassios and Chronopoulos 
1986), the recommended coefficients for cut stone 
masonry(+) as well as for ashlar masonry(++) were con
sidered in the analysis.

The obtained results coincide well with the NTC 
2018 minimum values for dressed rectangular stone. 
The texture of the walls in NTC 2018 also corresponds 
to the tested walls. The reason for being on lower bound 
could be due to a significant thickness of mortar joints 
(with regard to dressed masonry).

Results calculated according to analytical models vary 
considerably. Analytical models for three-leaf masonry 
all underestimate the fMc of the tested walls. This is 
probably due to a very good connection between the 
internal and external leaves, which prevents the out-of- 
plane failure. Formulation of Tassios and Chronopoulos 
(Tassios 2004; Tassios and Chronopoulos 1986) for esti
mation of fMc of single-leaf masonry provides the closest 
estimation but it is not on the safe side; it overestimates 
fMc by 7.6%. The results confirm that the analytical 
model provided in EC6 is not appropriate for historic 
masonry with low mortar strength, since fMc is signifi
cantly overestimated (19.9 MPa). Provisions from the 
new proposal of EC8-3 for negligible material properties 
of the inner core would reduce the presumed compres
sive strength of the external leaves by a factor of 0.75 
(ratio (tw-t2)/tw).

Contrary to compressive strength, the obtained stiff
ness characteristics are significantly lower compared to 
NTC 2018 values, where EM ranges between 2400 and 
3200 MPa and GM between 780 and 940 MPa. The values 
in the new proposal of EC8-3 are based on NTC 2018 
min and max values and derived as mean values.

2.3. Shear resistance

In the new proposal of EC8-3 provisions, the shear 
resistance of masonry walls is defined as dependent on 
whether the structural element is pier or spandrel. Shear 
sliding, diagonal cracking, and flexural analytical formu
lations are provided for piers with regular masonry 
(modern and pre-modern masonry with regular texture 
and morphology). For masonry with an irregular pattern 
(pre-modern masonry), however, only the flexural and 
diagonal cracking failures are foreseen. Resistance is 
determined as the lower bound from proposed analytical 
formulations for different mechanisms.

Since our masonry walls were designed to represent 
old historical (pre-modern), good-quality masonry— 
consequently, the texture and morphology of the 
masonry were regular, with proper overlapping of 

units. Thus, in our analytical study, the design shear 
resistance VR was evaluated according to the require
ments for regular masonry considering different criteria 
for the diagonal failure mechanism. VR was calculated by 
considering the mean values for mechanical properties 
of masonry according to the NTC 2018, without any 
reduction due to material or any other uncertainties. 
Shear resistance VR,r denotes the shear resistance result
ing from flexural mechanism (Equation 15), VR,d from 
diagonal cracking mechanism (Equation 16), VR,dj from 
diagonal cracking mechanism with diagonal cracking 
through joints (Equation 17), and VR,s from sliding 
mechanism (Equation 18): 

θNC ¼
4
3

η 1 � σ0=fMcð Þ (15) 

VR;d ¼ lwtw
fMt

b

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ
σ0

fMt

� �s

(16) 

VR;dj ¼
lwctw

b
fv0

1þ μfrφ
þ

μ
1þ μfrφ

σd

� �

(17) 

VR;s ¼ lwctw fv0 þ μfrσd
� �

(18) 

In equations above, tw, lw, and hw present the thickness, 
length, and height of the wall, respectively, σ0 is the level 
of pre-compression in the middle cross section in 
Equation 15, the parameter ψ is the correction coeffi
cient dependent on boundary conditions equal to 1 for 
cantilever and to 2 for both fixed ends walls; fMt is the 
diagonal tensile strength of the masonry, b is the shear 
distribution factor, fv0 is the masonry initial shear 
strength, and μfr is the coefficient of friction (in new 
EC8-3 proposed as 0.5); φ is the interlocking parameter 
considering the texture of the masonry, lwc the length of 
the compressed part of the wall, and σd the average 
vertical stress in the compressed part of the wall.

For the verification of a structural element’s capacity 
regarding design demand obtained from the chosen type 
of analysis, the design shear resistance VRd should be 
calculated in accordance with the knowledge level. For 
non-linear analysis it is proposed as 

VRd ¼ VR=γRd; (19) 

where VR is the shear force obtained from the analytical 
models and γRd is a factor accounting for uncertainties 
regarding model error, and is defined for the ultimate 
resistance (drifts) in dependence of different knowledge 
levels of details (KLD), geometry (KLG), and materials 
(KLM). The reduction factor should encompass uncertain
ties in evaluating resistance by using the mean values of all 
input variables and considering a lower fractile of the 
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resistance distribution. This approach should eliminate 
statistical uncertainty of estimation as a consequence of 
limited sample size and the model error of analytical for
mulations. The reduction factor in connection to the 
knowledge on the material is in the range of 1.65–2.15 for 
flexural mechanisms, 1.35–1.65 for sliding mechanisms, 
and 1.35–1.55 (irregular masonry) and 1.40–1.70 (regular 
masonry) for diagonal mechanisms. Within proposed lim
its, particular values for reduction factors are defined 
according to the three levels of knowledge, 
(C-comprehensive, E-extended, and L-limited), where the 
above-mentioned lower- and upper-range limits refer to 
C and L knowledge levels.

In the annex of the new EC8-3 proposal, the reference 
values for mechanical properties of different masonry 
types are also provided through mean values and coeffi
cient of variation (CV). The mean values are derived from 
NTC 2008 (2009), by considering the min and max values 
for mechanical properties. Table 3 provides the values 
from the annex (with CV) for our type of masonry.

2.4. Evaluation of shear test results in comparison 
with analytical models

The results of the analysis are presented in Table 4, 
where the averaged idealized shear resistances of walls 
Fid from tests with the same boundary conditions and 
vertical load are summarized. The criterion for evaluat
ing the resistance in the case of diagonal cracking 
through joints VR,dj (Mann and Müller 1982) produced 
the lowest results in all cases. The average masonry unit 
length, equal to 20 cm, was considered while calculating 
the results. While the cracking through joints occurred 
in almost all of the experimental tests, the estimated 
VR,dj values were significantly smaller compared to the 
resistances obtained in all tests—apart from test no. 6. 
Subsequently, one of the conclusions is that the diagonal 

joint criterion underestimates the resistance in case of 
weak, ductile mortars with normal joint thicknesses 
(joint thickness of the tested masonry was 10–25 mm). 
The results for VR,dj are less conservative if a value of 1.0 
(instead of 1.5) is considered for b.

For the calculation of VR,d (i.e., diagonal cracking 
resistance (Turnšek and Čačovič 1971)), the lower 
and upper limit of fMt provided in NTC 2018 code 
provisions (0.135 and 0.18 MPa) were considered. 
The diagonal cracking model produced the most 
accurate results for tests in which the diagonal 
shear mechanism occurred. The results were non- 
conservative for the higher pre-compression level if 
the upper limit fMt was considered (though for less 
than 10% except for test no.6). It has to be noted 
that, for cantilever boundary conditions and a higher 
pre-compression level, the results indicate a rocking 
failure prior to the diagonal cracking failure of the 
wall (VR,r and VR,d are 93.9% and 106.4% of Fid 

considering the upper limit of fMt, respectively). The 
diagonal cracking through the units VR,du (Mann and 
Müller 1982) provided very conservative results due 
to a very high compressive strength of the stone. 
Shear resistance VR,s, which considers the sliding 
mechanism according to the Mohr–Coulomb criter
ion, was also evaluated but was never critical.

In case of the occurrence of diagonal cracking and 
rocking, it can be concluded that VR,d and VR,r ade
quately estimate the design resistance—provided that 
the fMt is properly estimated and the mortar joints are 
of normal thicknesses. This does not hold for test no. 6 
where all of the criteria, except for diagonal cracking 
through the joint (VR,dj), highly overestimate the 
obtained resistance.

Ratios of VR calculated according to various criteria 
and normalized versus Fid (obtained from tests) are 
presented in Figure 2.

Figure 2. Ratio between analytically calculated shear resistances VR for various failure mechanisms and idealized shear resistances Fid 

obtained from tests.
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From the comparisons of VR calculated considering 
the entire wall cross section versus net cross section 
VR,net (only external leaves, results presented in Table 
4), it may be concluded that for three-leaf masonry, 
where the inner core is without larger voids and the 
thickness of the external leaves is not less than 75% of 
the overall thickness of the wall, the entire wall cross 
section should be considered for the evaluation of the 
load-bearing capacity (Figure 3).

3. Performance properties for multi-leaf 
masonry

Performance level is an expression of extent of damage 
to a facility given that a specific earthquake design level 
affects it. There are differences in expressions for differ
ent limit states among researchers as well as in code 
provisions. While ASCE/SEI 41–06 defines six levels: 
Immediate occupancy (IO), Damage control range, 
Life safety (LS), Limited safety range, Collapse preven
tion (CP), and Not considered—both existing and new 
EC8-3 use alternative expressions such as Damage lim
itation (DL), Significant damage (SD), and Near collapse 
(NC) that may correspond to ASCE/SEI 41–06 limit 
states IO, LS, and CP. However, limit states stated in 
ASCE/SEI 41–06 reflect the state of the whole building, 
considering both structural and non-structural ele
ments, while EC8-3 is oriented solely towards the state 
of structural elements.

From our test campaign we have identified major crack 
patterns that may define several limit states (see Table 2 in 
Kržan and Bosiljkov (2021)). While drift limits at max
imum force (ӨFmax) and maximum displacement (Өmax) 
could be associated with SD and NC states, DL could be 
attributed to either first cracking (Өcr), or elastic displace
ment (Өe) (Table 6). Unlike the former state, which may 
be effectively used when modeling the whole backbone 
curve of structural element response, elastic displacement 

is analytically determined following bi-linear elasto- 
plastic idealization of the backbone curve and it subse
quently does not represent a physical limit state.

Separation of leaves during testing occurred mostly 
under the higher level of pre-compression and while the 
specimens were already in softening range (see Table 2 
in Kržan and Bosiljkov (2021)); thus, for this type of 
masonry (inner core < 25% overall thickness), the limit 
state does not influence the overall capacity of the struc
tural element and the occurrence of specific limit states.

Existing EC8-3 for masonry is rather straightforward 
and prescribes the same performance limits, regardless 
of the type of masonry. For the SD limit state, shear and 
flexural mechanism drifts are limited up to 0.40% and h0 

/lw∙0.80% (h0 being the distance between the section 
where the flexural capacity is attained and the contra- 
flexure point), respectively. The NC limit state is defined 
as the SD state multiplied by 4/3.

ASCE/SEI 41–06 (2007) requirements for the design of 
new structures are oriented toward contemporary masonry 
with regular texture and morphology. The shear mechan
ism is dominant regardless of the type of analysis, while the 
rocking mechanism could be considered solely for non
linear design. The IO state acceptance criterion for drift is 
set to 0.1%; for the LS and CP states the criterion is set 
according to the effective height of elements heff (for walls 
the storey height, for piers the height of openings) as heff/lw· 
0.3% and heff/lw· 0.4%, respectively. For the rocking 
mechanism, the softening behavior is limited to heff/lw 

·0.8%. However, when it comes to damage assessment of 
existing buildings following seismic events, these limits are 
set to 0.3% for IO, 0.6% for LS, and 1.0% for CP.

Some national codes do not define drift capacity in 
respect to failure mode, but as the function of applied 
axial stresses and boundary conditions. SIA code (Pfyl- 
Lang, Braune, and Lestuzzi 2011) defines drift capacity 
according to Equation 20, where coefficient η is equal to 
0.4% and 0.8% for fixed-ends and cantilever boundary 
conditions, respectively 

Figure 3. The average ratio between analytically calculated shear resistances VR and idealised experimental shear resistance Fid for tests 
with the same boundary conditions and vertical load, obtained for the entire cross section (left) and the reduced cross section (right).
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θNC ¼
4
3

η 1 � σ0=fMcð Þ (20) 

This last approach was adopted (in a slightly modified 
form) for the purpose of setting the SD performance 
limit for the rocking mechanism in the new proposal of 
EC8-3, where deformation capacities for piers are 
dependent on the type of failure mechanisms and 
masonry, and are summarized in Table 5.

Unlike the existing EC8-3, which considers the reduc
tion factor (confidence factor CF) in dependence of the 
knowledge levels solely for the purpose of assessing the 
shear resistance, the new proposal has extended this 
approach to whole capacity, thus also including the reduc
tion of deformation drifts. The new proposal for the deter
mination of masonry elements’ deformation capacities in 
EC8-3 is probabilistically oriented and tries to close the gap 
in the incomplete knowledge of geometry, constructive 
details and material properties, by providing a loop between 
preliminary numerical assessment and in-situ investiga
tions. Thus, for the evaluation of performance limits, dif
ferent knowledge levels are to be considered as reduction 
factors. The drift ratio at performance limit “i” (i = SD, NC) 
is proposed as 

θ ¼ θi=γRd (21) 

where γRd should be chosen based on the minimum 
knowledge level of the three: KLG (geometry), KLD 
(details), and KLM (materials). KLM is to be ignored 
in the case of NC performance level, since there is no 
sufficient experimental data for the quantification of the 
influence of material properties on the ultimate drift 
ratio. Values for KLG and KLD may vary in the range 
of 1.70–1.85, depending on the 3 levels of knowledge 
(C-comprehensive, E-extended, and L-limited), while 
KLM may vary in the range of 1.5–2.0 for all perfor
mance limits except NC.

3.1. Lateral drift performance limits of tested piers

The average drifts of piers in both loading directions and 
various limit states are presented in Table 6 for the tests 
that exhibited a similar failure mechanism. Ultimate 
drift values θmax obtained for the rocking mechanism 
significantly exceed the values provided in the codes; 
they were 2.5 times higher than the recommended 
values in EC8-3 (EN 2005-3: 2005 2005) and 6.6 times 
higher than the recommendation for design, as well as 
4.0 times higher for damage assessment purposes as 
stated in ASCE/SEI 41–06 (2007). Drifts θe, which cor
respond to elastic displacements of the idealized bi- 
linear curves and can be compared to the IO drift limit 
provided in ASCE/SEI 41–06 — equal to 0.1% for design 
and 0.3% for damage assessment purposes — are on 
average 7.3 and 2.4 times higher, respectively. In case 
of shear and flexural mechanisms, SD drift limits pro
vided in current EC8-3 are 2.9 and 4.8 times higher, 
respectively. In general, it may be concluded that the 
current code provisions provide very conservative 
requirements.

4. Discussion

4.1. Resistance — model error

The obtained masonry compressive strength in the tests 
coincides with the NTC 2018 (2018) minimum values 
for dressed rectangular stone. The reason for it being on 
lower bound could be due to the significant thickness of 
mortar joints (with regard to dressed masonry). All 
analytical models for multi-leaf masonry, apart from 
Binda’s model (Binda et al. 2006), significantly under
estimate the compressive strength when the external leaf 
compressive strength γRd is set very high. The tests 
therefore confirm that, for the tested type of masonry 
and morphology characteristics, i.e., good-quality, ashlar 
three-leaf stone masonry with a core lacking many voids 

Table 5. In-plane deformation capacities for different limit states 
of the capacity curve as proposed in the new version of EC8-3.

Masonry Rocking Shear sliding
Diagonal 
cracking

SD
Regular 0.01∙ 

(1-σ0=fMc)
0.40% for hollow units 0.60%

Irregular 0.01∙ 
(1-σ0=fMc)

0.80% 
0.50% for limit value of  
VRd,du∙fv

0.50%

NC
Regular 4/3 SD 4/3 SD 4/3 SD
Irregular 4/3 SD Not applicable 4/3 SD

If shear resistances according to two failure mechanism criteria are within the 
10%, the failure may be considered as mixed mode further using a force- 
deformation relationship in which drift thresholds and strength degrada
tion values result from interpolation between values associated with the 
two corresponding failure mechanisms.

Table 6. Average drifts at characteristic limit states for conducted 
tests with the same prevailing failure mechanism.

Limit state

First 
shear 
crack

Maximum 
force

Maximum 
displacement

Elastic 
displacement

Prevailing failure 
mechanism

Өcr [%] 
(CV 
[%])

ӨFmax [%] 
(CV [%])

Өmax [%] 
(CV [%])

Өe [%] 
(CV [%])

Rocking 1.74 (33) 3.94 (13) 3.99 (13) 0.73 (34)
Mixed 0.55 (14) 1.71 (12) 1.88 (8) 0.88 (16)
Shear 0.22 (29) 1.10 (23) 1.53 (20) 0.38 (17)

The failure mechanism of walls that was governed by both flexural and shear 
behaviour is referred to as mixed mechanism. The term mixed failure mode 
is also introduced in the new EC8-3 proposal for elements in which the 
shear resistances—according to two failure criteria—are close.
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(<10%) and thickness of the core less than 25% of the 
walls’ thickness, the masonry can be considered as sin
gle-leaf and a reduction of the cross section for the 
purpose of evaluation of mechanical properties should 
be avoided.

Comparison of the experimentally obtained lateral 
resistances showed that a very good correlation to design 
shear resistances is obtained if the flexural and diagonal 
cracking (with tensile strength fMt) failure criteria are 
taken into account. These two failure criteria also accu
rately predict the failure mechanism, despite being very 
close to each other for the cantilever boundary condi
tions and higher vertical load. Predicted shear resistance 
was conservative in all cases, considering NTC mini
mum values for fMt (also foreseen in the new EC8-3).

According to the new EC8-3 proposal, the shear 
resistance should be determined as a lower bound con
sidering different failure criteria applied and depending 
on the type of masonry (regular or irregular texture). 
Besides the flexural mechanism, diagonal failure (con
sidering fMt) is foreseen for irregular masonry; shear 
sliding, diagonal failure through joints, and flexural 
mechanism are foreseen for regular masonry. This ana
lysis confirms that if diagonal failure is omitted, 
a criterion for diagonal failure through joints is needed, 
since shear sliding and flexural criteria significantly 
overestimate the resistance in case of high vertical load 
and fixed boundary conditions—by 80% in our case. On 
the other hand, for this case, the diagonal failure through 
joints provides conservative results and underestimates 
the resistance for more than 50%. This failure criteria 
will be always the most critical for masonry made from 
weak lime mortar and a structural element of this geo
metry aspect ratio (piers), as it has already been dis
cussed elsewhere (Bosiljkov et al. 2003; Kržan, Žarnić, 
and Bosiljkov 2011). Shear sliding failure criteria was 
more critical in comparison to rocking or diagonal only 
in the case of a very low vertical load (5% fMc).

In the current version of EC8-3, a reduction of the 
obtained shear resistance of the walls is to be made with 
regard to the knowledge level of materials, geometry, and 
details accounting for the uncertainties in the resistance. 
For this purpose, mechanical parameters are reduced by 
a Confidence Factor (CF), strictly related to a specific 
Knowledge Level (KL) and may range from 1.0 for the 
highest level of KL3 to 1.35 for the lowest KL1. Contrary 
to current EC8-3, where there is no reduction of resistance 
for the highest KL, the new EC8-3 proposes the reduction 
coefficients (partial factor γRd, see Equation 19) as 1.35, 
1.40, and 1.65, depending on whether sliding, diagonal 
through joints or flexural criteria are used, respectively— 
even if the highest KL is considered.

Here, it should be noted that the reduction coefficient 
γRd for structural elements cannot be compared straight
forward to CF, since the former is related both to the 
variability of the parameter and to the sensitivity of the 
response to the parameter itself (Cattari et al. 2015).

4.2. Performance in terms of deformation capacity

The results of presented tests conducted on historic 
masonry walls (where ductile mortar governs the overall 
behaviour) indicate that displacement capacity of well- 
connected good-quality multi-leaf historic masonry 
could be significantly underestimated. Similar conclu
sions were drawn also for modern masonry walls with 
ductile mortar (Laghi et al. 2020). Since the tested 
masonry had regular courses and the leaves were well 
connected with compact infill, the attained high defor
mation capacity, in comparison to modern masonry, can 
be attributed to the mortar characteristics. Lime-based 
mortar in historical structures is weaker but more duc
tile/less brittle than cement mortar commonly used in 
modern masonry; it enables a better load transfer in the 
wall and subsequent failure through the joints. As seen 
in Figure 4, the damage mechanisms obtained in 

Figure 4. Damage mechanism—diagonal failure through joints as well as units enabled by the “ductile” mortar (wall tested under 
cantilever boundary conditions and 15% fMc vertical load).
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conducted tests confirm that the soft mortar can enable 
stress redistribution and propagation of cracks through 
the units, thus enabling large deformations. This advan
tage was also recognized in the former Yugoslav codes 
from 1981 (UL SFRJ 31/81 1981), where it was explicitly 
stated that pure cement mortar is forbidden in earth
quake-prone areas. It should be emphasized, however, 
that this advantage is valid solely for joints of normal 
thickness (i.e., up to average thickness 15 mm). For 
thicker joints (test no. 6 with average joint thickness of 
25 mm), substantially lower resistance and displacement 
capacities were obtained (47% and 41% lower, respec
tively (Kržan and Bosiljkov 2021)) in comparison to 
other tests with the same boundary conditions.

From Table 5 it may be concluded that the ultimate 
drift capacity limits are increased in the new EC-3 pro
posal. In fact, in design they will be lower, since they are 
to be reduced according to KL (Equation 21) where the 
foreseen partial factors γRd are 1.7 and 1.85 for the 
highest and lowest KL, respectively. Furthermore, an 
additional γRd is foreseen for the reduction of the global 
deformation capacity of the whole structure in depen
dence of KL; it is in the range of 1.70–1.90. One of the 
possibilities for solving this issue would be to provide 
drift limits in dependence of the type and quality of the 
masonry. Another option could be to determine possible 
higher upper-bound limits with a smaller reduction of 
deformation capacity in the cases where higher drift 
capacity is proven by in-situ or laboratory experimental 
tests.

An additional action that may slightly compensate 
the increased demand for global capacity of the 
structure is to choose a higher reduction (behaviour 
factor q) of design response spectra. In the existing 
EC8-1 (EN 2004-1:2004 2004), the q for an URM 
(unreinforced masonry) building is a national para
meter set as a single value in the range of 1.5–2.5, 
with a recommended lower bound value. In the new 
version of EC8-1-2 (prEN 1998-1-2:2019.3 2019), this 
will be determined directly according to code provi
sions (considering deformation capacity, energy dis
sipation, and overstrength)—again in the range of 
1.5–2.5 with a possibility to choose an upper bound 
value. Furthermore, the seismic demand could be 
reduced by introducing factor δ, a coefficient that 
depends on the consequence class of the considered 
structure and would be determined as a national 
parameter. Although it is unlikely that it will be 
used for ordinary existing buildings, this coefficient 
may help in reducing demand for cultural heritage 
and monument buildings.

4.3. Stiffness characteristics

Another important issue recognised from the test 
result analysis is the prediction of the walls’ effective 
stiffness. The effective stiffness is a complex parameter 
associated with all restoring forces of structural system 
and depends upon several factors including different 
failure mechanisms (Bosiljkov, Totoev, and Nichols 
2005). The tests have undoubtedly shown that in rea
lity, due to soft mortar, fixed-fixed boundary condi
tions can be unrealistic for historical masonry, since 
the soft mortar has plastic behavior from the early 
stage of loading and enables rotation of the stone 
units at the joint level due to extensive crushing and 
loss of mortar from the joints. It was shown for the 
tested walls (more details in Kržan and Bosiljkov 
(2021)) that better correspondence of predicted and 
experimental effective stiffnesses is obtained by 
neglecting the fixed boundary conditions (i.e., analyti
cally predicted effective stiffnesses 21.5 kN/mm and 
49.0 kN/mm in comparison to average experimental 
values 20.4 kN/mm and 21.2 kN/mm for walls with 
high precompression and cantilever and fixed-fixed 
boundary conditions, respectively). The same may be 
applied concerning the evaluation of masonry shear 
modulus from experimental cyclic shear tests; more 
consistent results are obtained if fixed boundary con
ditions are neglected.

4.4. Reliability of test data

It is well known that, due to the nonhomogeneous 
nature of masonry, expected characteristics cannot be 
determined with a high level of precision and certainty. 
This is also apparent from the results of performed tests, 
where all masonry specimens were constructed by the 
same group of stone masons using the same materials. 
All of the specimens were cured and tested in laboratory 
conditions.

In spite of that, a relatively large scatter of the results 
was obtained (up to 12% CV for the Fmax resistance and 
up to 20% for deformation capacity). These results are 
better than some of our other results where a higher CV 
was noted on URM masonry made from solid brick 
units (18% for Fmax and 30% for deformation capacity 
(Bosiljkov et al. 2003)) and blockwork masonry (15% for 
Fmax and 34% for deformation capacity (Kržan, Žarnić, 
and Bosiljkov 2011)). In general, it may be concluded 
that a higher scattering of results may be expected for 
deformation parameters.

Another major obstacle—prior to implementation of 
the effective probability approach in seismic design—is  
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defining harmonized test methods for the evaluation of 
important parameters for PBA. There are numerous 
different test set-ups, but none of them can simulate 
real conditions. Still, they have all been chosen because 
they reproduce static or kinematics boundary conditions 
which can be easily interpreted and reproduced. The 
results of all tests are therefore not directly comparable 
(Borri, Castori, and Corradi 2015). Furthermore, the 
idealization and interpretation of performance limits 
are done in accordance with the current state-of-the 
art or common practice, which may again significantly 
influence the comparison and interpretation of obtained 
results (Vanin et al. 2017).

5. Conclusions

The paper critically evaluates the performance of multi- 
leaf stone masonry with an inner core of less than 25% of 
the wall’s overall thickness that was in detail presented in 
Kržan and Bosiljkov (2021), with regard to the perfor
mance limits and methodology for their evaluation sta
ted in the current (EC8-3) and the forthcoming second 
generation of Eurocodes (new proposal of EC8-3) as well 
as in ASCE/SEI 41–06 (former FEMA 536) code 
provisions.

The new proposal of EC8-3 is probabilistically 
oriented and considers different (both aleatoric and 
epistemic) uncertainties in defining input parameters. 
To consider the high level of uncertainties, partial fac
tors are defined in the proposal, depending on KL for 
materials, details, and geometry; they may also vary 
according to the type of analysis. The factors are applied 
to define the capacity of structural elements for both 
mean characteristics and mean deformation values. 
Mean values for mechanical characteristics are provided 
in the proposal together with their standard deviation in 
case there is no sufficient experimental data available. 
This whole new approach is designed so that the char
acteristics of the structure’s strong entities could be 
lowered towards the mean, while the characteristics of 
weak entities (critical ones) could be raised towards the 
same mean. On average, new analyses should enable 
a stronger structure.

Consequently, new partial factors are higher than 
1.0 for even the highest knowledge levels. Our test 
results indicate, however, that they might be very con
servative. The test results provide a much higher defor
mation capacity than the limits provided in both the 
new proposal of EC8-3 as well as those in the current 
EC8-3 and ASCE code provisions. The reason for the 
high deformation capacity of the tested masonry lies in 
the soft, “ductile” mortar for which, the presumed 
deformation capacity could/should be higher for good 

quality masonry—as stated in the code provisions. 
Another important conclusion regarding the soft mor
tar is that it influences the boundary conditions. While 
the proposed approach in new EC8-3 would lead to 
a safer structure, one should be aware that the high 
partial factors would make it even harder (if at all 
possible) to achieve the seismic demands for the build
ings that are here around us already for hundred years. 
This approach may lead to rigorous strengthening 
measures which are not desirable or feasible for many 
historical structures, resulting in unacceptable costs of 
retrofitting.

The analysis of proposed shear resistance models in 
the new EC8-3 showed that a good correspondence with 
test results is obtained with diagonal cracking (of homo
genised masonry) criterion and flexural criterion. On 
the other hand, diagonal failure through joints provides 
very conservative results and underestimates the resis
tance for more than 50%. These failure criteria will 
always be the most critical for masonry made from 
weak lime mortar and a structural element of this geo
metry aspect ratio (piers).

Classification of existing (old) masonry in the new 
proposal of EC8-3 is mostly based on Italian code 
provisions NTC 2018. All provided data is applicable 
to normal bed joint thicknesses with some correction 
factors for thin bed joints (<10 mm). From our tests, 
it was shown that the thicker joints (>25 mm) may 
significantly influence the seismic capacity of 
masonry piers. This and other influencing parameters 
may be studied solely through laboratory or in-situ 
testing. Most of the time it is hard to reproduce 
existing historical masonry in laboratory conditions, 
thus in-situ destructive testing is inevitable. Results 
obtained from in-situ tests would decrease uncertain
ties regarding input parameters, but they would be 
ultimately severely reduced by the high partial factor 
as proposed in new EC8-3.

The values proposed for reduction coefficients, for 
both mechanical parameters and drift limits that depend 
on knowledge levels, are set very high and will discou
rage any further in-situ destructive testing on existing 
historical masonry. These tests are costly and, in the long 
term, this will present a major obstacle in enriching the 
world database of experimental results for different 
types of masonry.
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