
U
N

C
O

R
R

EC
TE

D
 P

R
O

O
F

Layout: T1 Standard SC Book ID: 331612_1_En Book ISBN: 978-3-319-16187-7

Chapter No.: 8 Date: 10 February 2015 3:40 PM Page: 1/9

1

Chapter 8
Seismic Performance Evaluation  
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Abstract The Borbone constructive system used in Calabria at the end of the 
1700s consisted of a particular composite structure realized by means of a timber 
frame suitably embedded inside masonry walls. This system used with similar pur-
poses, although in different ways, in other places in the world (especially in seismic 
regions), can represent, with good reason, the synthesis of scientific knowledge in 
eighteenth century seismic engineering. The aim of the paper is to investigate and 
evaluate the seismic performance of the structure described above through a com-
parison between experimental tests, carried out by means of cyclic tests on 1:1 scale 
models, and the results obtained by the numerical modeling of the mechanical sys-
tem that is capable of interpreting the actual contribution of the wooden structure, as 
well as that of the masonry, to the overall stiffness of the wall. In the numerical pro-
cedure, the masonry infill is modeled by rigid blocks connected by unilateral elastic 
contact constraints. A convenient way to define the contact device which links the 
blocks, through which a mortar joint or dry joint could be simulated, is to consider 
a set of elastic links, orthogonal to the contact surface between two adjacent blocks, 
and an additional link, parallel to the interface through which the shear forces can 
be transmitted. Reasonable hypotheses can be assumed for the link parallel to the 
contact surface in order to calibrate both the shear behaviour and the influence of 
the friction between the blocks. Furthermore the timber frame is modeled by using 
finite elements with elastic and bilateral behaviour. Unilateral contact constraints 
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are again used in the contact interfaces between elements in wood and masonry 
blocks which take into account the actual contribution of friction. The mechanical 
parameters used in the numerical model were deduced from the experimental labo-
ratory tests.

Keywords Seismic behaviour · Masonry reinforced · Timber frames · No tension 
behaviour

Introduction

The Borbone constructive system, constituted by masonry reinforced with timber 
frames, represents the application of the most ancient of European anti-seismic codes.

The Mileto Bishop’s building in Calabria, constructed immediately after the 
catastrophic earthquake of 1783, is characterized by a load bearing system exe-
cuted exactly according to the Borbone rules. Therefore, after a detailed structural 
and geometric survey, including the material features, on the Mileto construc-
tion, the latter, in particular a wall modulus, had been reproduced in full scale 
and subjected to a cycling test in the CNR Ivalsa laboratory in Trento. The tested 
specimen was constituted by timber framing devoid of Saint Andrew crosses 
and stiffened, to the in plane seismic action, by means of the masonry infill. The 
wooden skeleton was characterized by half lap joints in which the stiffness was 
improved by the presence of pyramidal nails.

Data to be used in the numerical model proposed were obtained by comparing 
the experimental campaign results to the seismic behaviour deduced from historic 
photos and documents that depict seismic failures after the 1905 and 1908 telluric 
events [1]. In fact, the aim of this theoretical investigation is to provide researchers 
with data, obtained on the basis of these experimental results, to be used to pro-
pose new methods for assessing the seismic behaviour and the vulnerability level 
of this constructive system.

Several authors have investigated timber framing with different arrangements of 
wooden elements and stiffness devices by computing non-linear analysis carried 
out through various F.E. software. Kouris and Kappos [2] applied a numerical anal-
ysis in ANSYS on masonry walls reinforced with timber elements found in Greek 
traditional edifices. This numerical approach provided the modelling of horizontal 
and vertical elements through a linear-elastic beam while the diagonals of the tim-
ber frame were modelled with a link pinned at its ends and characterized by the 
presence of a plastic axial spring.

The use of the DIANA F.E. software distinguished the work of Ramos and 
Lourenço [3]. These Portuguese researchers applied a numerical modelling on 
traditional buildings, with and without the interior “frontals” walls, to assess 
the internal panels contribution to the overall building under seismic actions. 
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The analyses were validated by means of three specimens removed from existing  
Pombaline edifices and tested under cycling horizontal loading.

The DRAIN2DX software, developed by the University of California in 
Berkeley, was implemented with the Florence Pinching (Ceccotti, Lauriola, 
Follesa) to analyze, in a simplified way, structures characterized by timber frames. 
The researchers of the University of Florence introduced rotational semi-rigid ele-
ments to simulate pinching hysteretic behaviour of the joints based on cyclic tests 
results [4].

A similar quantitative investigative approach was carried out at the Earthquake 
Engineering Center in Peshawar, Pakistan. In fact, an equivalent model with elas-
tic beam-column element, with assigned moment-rotation plastic hinges derived 
from an experimental campaign, was employed to obtain a non-linear static pusho-
ver tool by means of SAP2000 software and relative to Dhajji-Dewari structure, a 
timber braced frame masonry wall [5] (Fig. 8.1).

The Cycling Test Results

Two specimens, timber framing with infill masonry frame and empty timber fram-
ing, which reproduce the Mileto panel in real scale, were tested at the CNR Ivalsa 
in Trento according to the UNI EN 12512:2003 “Timber structures—Test meth-
ods—Cycling testing of joints made with mechanical fasteners” protocol.

Fig. 8.1  The specimen under cyclic loading in the CNR-Ivalsa laboratory
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The samples were tested with positive and negative horizontal displacements, 
applied at the top of the wooden framing, using an hydraulic actuator with a 
500 kN capacity.

A uniformly distributed load (18.7 kN/m) was applied to the models with the 
aim of replacing the self weight of the timber post king truss bearing on the wall 
of the Bishop’s building.

The tests were interrupted at a maximum displacement of approximately 
80 mm, as a consequence of excessive deformation.

The specimen characterized by timber framing with masonry infill showed a 
low rocking mechanism with a maximum value of uplift displacement of 30 mm 
at peak load. The lateral resistance, relative to the first cycle, reached 103.64 kN 
in positive direction corresponding to a displacement of 59.18 mm (2.0 % drift) 
and −101.62 kN ultimate load in negative direction which is related to a displace-
ment of −79.02 mm (2.6 % drift). Hence, the model showed an impairment of the 
strength, calculated between the first and the third cycle for each ductility level, 
variable between a peak of approximately 13 % in “compression” charge to a 
maximum value of approximately 15 % relative to a displacement of −40 mm.

The energy dissipation value was approximately 1,500 kN mm in correspondence 
to the 1st half cycle with maximum displacement and approximately 300 kN mm 
for the half cycle concerning a displacement of 20 mm. The hysteresis equivalent 
damping ratio (Veq) presented constant values between 6 and 7 % for each 
displacement analyzed; even if a peak of 8.9 % was recorded relative to an 
“in-tension” displacement of 20 mm.

The maximum ductility value (µ = Vu/Vy) reached by the tested model was 7.6. 
Namely the specimen has emphasized a ductility response (Fig. 8.2).

The experimental survey pointed out a correct response of the Borbone con-
structive system under horizontal force. This kind of structure dissipated energy 
by means of interface frictions generated by the slips of the stones both between 
the infill masonry and the frame and also thanks to some fissures generated in the 
mortar, as well as the expulsion of a few stones. The overall timber skeleton, both 
elements and joints, acted, during the cycles, in elastic field (with the exclusion of 

Fig. 8.2  a Hysteresis loops from the experimental survey; b empty timber frame and masonry 
wall reinforced with timber frame
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the beam at the frame bottom that presented some shear cracks, however without 
losing the structural integrity). The timber reinforcement provides the masonry 
with a major deformability and simultaneously the infill frame provides a confine-
ment for the wooden structures.

The model devoid of the infill masonry frame emphasized a weak behaviour 
characterized by a high deformability under cyclic actions.

The main purpose of the experimental program described above is to provide 
data to assess seismic capacity of the Borbone system by means of multi-scale 
numeric modelling.

Preliminary Numerical Modelling

The original software BrickWORK [6], specifically developed by some of the authors 
for the analysis of general masonry structures, is used in the herein numerical calcu-
lation to simulate the behaviour of the Baraccato constructive system, masonry wall 
reinforced with timber framing, under earthquake action.

The numerical model is characterized by the masonry modelled by a collection 
of rigid blocks (bricks or stones) connected by mortar joints, where the elastic-
brittle behaviour of the material is concentrated. Consequently, relying on these 
mechanical features, the main type of damage mechanism considered in the mortar 
joints is a tensile failure and until such a failure occurs, the joints are supposed to 
retain an elastic behaviour.

Therefore, such an approach involves that the masonry, as a whole, has a good 
capability to carry compression loads and, taking into account that the masonry 
to which we want to refer is that of historical architecture heritage, the tensile 
strength of the material is limited to the poor cohesion between mortar and bricks.

Based on the above assumptions, the mechanical characterization of masonry 
refers to a system of rigid blocks connected by unilateral contact and frictional links.

In the numerical model the contact devices located in the joints are described 
by a set of fictitious links, arranged orthogonal to the interface surfaces, capable of 
transmitting only compressive forces or, at most, weak tensile forces which do not 
exceed the assigned limit values, and, by an additional link, tangent to the inter-
face surface, to transmit the shear force.

In the case of brittle-rigid joint only two normal links are strictly necessary. 
Instead, in the case of elastic-cracking joint it is better to consider at least four 
normal links in order to highlight the actual cracking pattern with the possibility of 
measuring the width and depth of the cracks inside the mortar joints.

An example of this numerical model to a real case can be found in [7, 8] 
(Fig. 8.3).

Moreover, it is reasonable to think that a model which considers the rigid 
blocks linked together by means of deformable surfaces, with no tension 
behaviour, is the most correct model to interpret the influences which the 
dimensions of the blocks and the orientation of the joints have on the behaviour 

115

116

117

118

119

120

121

122

123

124

125

126

127

128

129

130

131

132

133

134

135

136

137

138

139

140

141

142

143

144

145

146

147

148

149

150

151

152

153

154

155



U
N

C
O

R
R

EC
TE

D
 P

R
O

O
F

Layout: T1 Standard SC Book ID: 331612_1_En Book ISBN: 978-3-319-16187-7

Chapter No.: 8 Date: 10 February 2015 3:40 PM Page: 6/9

6 S. Galassi et al.

of historical masonry buildings. In this way the model is capable of very clearly 
describing the progression of the damage to masonry under load conditions.

The original numerical model, developed for the analysis of a structure consisting 
of only masonry blocks [9], has been modified to consider the peculiar mechanical  
characteristics of the Baraccato system, a masonry wall reinforced with a timber 
frames. Specifically, it was necessary to properly define the contact joint between 
wood and stone, which was assumed to have a no-tension, and the joint between 
wood and wood, which was considered to be perfectly elastic (Figs. 8.4 and 8.5).

The results obtained from the experimental tests performed at the CNR–Ivalsa 
laboratory, on a full-scale specimen of a masonry wall made on the basis of the 
Borbone constructive system (summarized in Table 8.1) were used for calibrating 
the mechanical parameters to be assigned to the contact joints between the finite 
elements constituting the general mesh of the model.

The first step was to define the mechanical and geometrical characteristics to 
be assigned to the discrete model with concentrated elasticity in correspondence 
to the joints so as to reproduce the same field of deformation and displacements 
obtained by the experimental tests carried out on the structure consisting of only a 
timber frame.

Fig. 8.3  Discrete model of the joint device

Fig. 8.4  Full-scale specimen of a masonry wall reinforced with a timber frame built according 
to the Borbone constructive system. Laboratories Ivalsa—CNR
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The experimental survey showed that the timber frame, even at the maximum 
value of the applied load, never cracked in any section. For this reason no ultimate 
tensile and compressive strengths in correspondence to the wood joints have been 
defined because they can be conventionally assumed to be infinite.

The next step was to define the discrete model of the masonry infill, taking into 
account the shape and the arrangement of the stone elements as well as the thickness 
of the joints so as to reproduce, as closely as possible, the actual experimental model.

In order to define the mechanical characteristics of the contact joints between 
stone and wood, a zero tensile strength limit was assumed, while for the con-
tact joints between the stones, an ultimate tensile strength equal to 0.5 MPa was 
considered.

Relative to the boundary conditions of the mechanical model subjected to the 
numerical analysis, fixed supports were assumed at the base and a slider-type con-
nection at the top, with the aim to reproduce the choices made for the experimen-
tal tests (Fig. 8.6).

The results obtained with the numerical modelling have provided an interpreta-
tion of the behaviour of the wall very close, both quantitatively and qualitatively, 
to that of the specimen subjected to the cyclic tests in the laboratory (Fig. 8.7).

The final results for a load, applied at the top, equal to 103.64 kN was achieved 
after 311 iterative steps of the calculation algorithm with a final horizontal dis-
placement, measured at the top of the specimen, equal to 59.90 mm. Such a  
displacement is very close to the actual one.

It is interesting to notice how, in terms of fracture and detachment, the crack 
pattern obtained by the numerical analysis has shown a significant similarity to the 
real one.

Fig. 8.5  Discrete model of the timber frame specimen

Table 8.1  Main results from the experimental survey relative to the compound specimen 
masonry with timber frame

Direction Fmax (kN) Vmax (mm) Fu (kN) Vu (mm) Envelope curve 1st cycle

P 103.6 59.2 100.6 79.12

N −101.6 −79.02 −101.6 −79.02
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Conclusion

This paper provides a preliminary report on the experimental survey of the 
Baraccato system, a masonry wall reinforced with timber frames, as well as a 
preliminary numerical approach to analyzing this system based on a mechanical 
model composed of rigid blocks and elastic joints.

The results of the analysis conducted by means of the original software 
BrickWORK, suitably modified to consider the presence of wooden elements, are 
perfectly coherent with the ones obtained by the cyclic tests of the Borbone sys-
tem performed in the CNR-ivalsa laboratory.

Acknowledgements The 2nd and the 4th author wish to thank Regione Calabria for the 
economical support to realize the experimental campaign. Furthermore the authors are grateful to 
Libby Lee for her availability and advise for the editing of this paper.

Fig. 8.6  Mechanical modelling of the masonry wall built according to the Borbone constructive 
system

Fig. 8.7  Ultimate deformed shape and cracking pattern. Comparison between experimental test 
and numerical model
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