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Abstract 

Tuff masonry structures have been built since old times in countries located in 
the Mediterranean areas, and they represent a significant part of the existing 
masonry building inventory of Central-South Italy, including historical 
architecture. Due to a lack of knowledge on relevant strength and deformability 
parameters for tuff masonry, experimental and numerical analyses concerning 
shear response are certainly of interest. The present paper focuses the attention 
on single and multiple-leaf tuff masonry walls under different in-plane loading 
conditions. Experimental displacement-controlled results on large specimens 
have been used to calibrate finite element (FE) numerical models. A macro-
modelling approach is used, which is particularly based on a composite plasticity 
model under plane stress conditions. Comparisons between numerical and 
experimental results are provided. The ability of the proposed model to fit the 
overall performances of tuff panels is thus demonstrated. Additional and relevant 
information about the relation between mechanical parameters of tuff masonry 
and the corresponding seismic capacity are given for safety assessment and 
retrofit design purposes.  
Keywords: masonry, tuff, shear strength, seismic capacity, non linear analysis. 

1 Introduction 

Masonry structures built since ancient times are generally characterised by high 
levels of seismic vulnerability, thus they generate significant interest especially 
when development of analysis, assessment and reliable tools for their seismic 
protection are considered. The problem is complex for all structural types, but is 
critical for tuff masonry constructions located in Central-Southern Italy regions 
and particularly in Molise (GNDT [1]). The variety of these buildings, most of 
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which were erected according to traditional rules of practice and rarely 
engineered, requires a rational approach to seismic assessment based on 
numerical analyses, well supported and validated by experimental tests. In recent 
years numerical strategies and constitutive models for masonry have been 
developed for the interpretation of its complex experimental behaviour, but a 
deeper knowledge of material behaviour is often required via load-displacement 
controlled tests. In particular, availability of seismic capacity data is crucial for 
practical applications and safety evaluations issued by modern performance 
based codes, i.e. US FEMA 356 [2], Eurocode 8 [3] and Italian OPCM 3274 [4]. 
In addition, validated mechanical parameters and numerical models practice-
oriented should be made available on large-scale for practical applications. 
Therefore, the present work aims at numerical analysis of the monotonic 
response of typical ancient tuff masonry walls. In particular attention is paid to 
the response of single and multiple-leaf masonry walls under different in-plane 
loading conditions. Displacement-controlled experiments on large-scale masonry 
tests, small masonry sample and basic components (Marcari et al. [5]; Prota 
et al. [6]; Marcari [7]) provided an extensive database of properties including 
strength, stiffness characterization and post-peak response, which have been 
implemented in finite-element analyses. A macro-modelling approach was 
followed and the composite plasticity model with Rankine type-Hill type yield 
criteria for plane stress conditions developed by Lourenço et al. [8,9] was 
adopted.  
    Comparisons between numerical results and experimental data point out the 
ability of the proposed model to fit the overall shear performances of tuff panels. 
Besides, information about correlations between relevant mechanical parameters 
and seismic capacity of tuff walls is provided.  

2 FEM analysis 

In this section, numerical investigation of the in-plane response of masonry 
shear-walls were performed via a continuum based approach, which takes into 
account the anisotropic behaviour of the masonry is briefly reported. DIANA 
FEM code, ver. 8.1 [10] has been used. The anisotropic composite plasticity 
model for plane stress structures introduced in Lourenço et al. [8,9], is 
considered. The model is able to reproduce elastic and inelastic behaviour in two 
orthogonal directions, the orientation of the bed and head joints of masonry. Two 
failure mechanisms can be taken into consideration: the first associated to 
localised tensile fracture processes and the second associated to a more 
distributed fracture process which can be related to crushing of the material. 
Orthotropic elasticity is combined with orthotropic plasticity. The model 
includes the Rankine type-Hill type yield criteria formulated in terms of the 
stress state components with respect to the material axes. The axes of orthotropy 
x-y are coincident with the material axes, horizontal (bed) joints and vertical 
(head) joints respectively. The inelastic material parameters of the model are the 
following: ftx and fty are the tensile strengths, Gftx and Gfty are the tensile fracture 
energies, fcx and fcy are the compressive strengths, Gfcx and Gfcy are the 

74  Structural Studies, Repairs and Maintenance of Heritage Architecture X

 © 2007 WIT PressWIT Transactions on The Built Environment, Vol 95,
 www.witpress.com, ISSN 1743-3509 (on-line) 



compressive fracture energies, α is a parameter depending on the contribution of 
the shear stress to tensile failure, β is a parameter related to the coupling of 
normal stresses as compressive failure is concerned and γ is a parameter which 
controls the contribution of the shear stress to compressive failure. The fracture-
energy based regularization is adopted to mitigate the sensitivity of the results 
with respect to the mesh size. To this end, an equivalent length hc is incorporated 
in the model depending on the chosen element type, element size, element shape, 
integration scheme and even on the particular problem considered. In DIANA hc 
is related to the area of an element Ae ( 2c eh A= ); besides for quadratic 
elements αh=1. In the case of multiple-leaf walls, a regular mesh of 30x30 four-
nodes quadrilater isoparametric plane stress element, with a 2×2 Gauss 
integration scheme was used. The analysis was carried out with the Linear 
Stiffness iteration method, and the linear stiffness matrix is used all the time. 
Line search algorithm was used in order to stabilize the convergence behaviour, 
and it was combined with arc-length method in such a way that snap-through or 
snap-backs behaviour can be followed. The control of the numerical process took 
place by means of load control mode. Boundary supports were given at the base 
of the multiple-leaf panel such that points were fully pinned. Besides, a rigid 
connection at the top of the wall leads the joints to exhibit the same horizontal 
displacement. The loading consisted of a vertical load q uniformly distributed 
along the upper edge of the panel. Self-weight of the panel was considered first. 
Later on, the horizontal load was applied on the top of the panel. It is worth 
noting that the main objective of the present study is not the exact reproduction 
of a single experimental result, but the calibration of relevant mechanical 
parameters of typical tuff masonry panels so that the overall shear response can 
be well reproduced. Therefore, ability of the model to fit the experimental results 
is checked independently on uncertainties related to some numerical parameters 
associated to anisotropy of masonry. In addition, relevant aspects of the mesh 
dependency of numerical results are also investigated. It is known, in fact, that 
numerical analyses of strain softening materials can be mesh dependent even if 
an energy-based regularization is adopted. Measured elastic and inelastic 
properties have been used. In particular, the elastic modulus Ey and the Poisson 
ratio νxy were set equal to the experimental values: Ey=630 MPa, νxy=0.2; the 
calibrated shear modulus Gxy=70MPa was assumed (Gxy=Ey/9), which resulted 
close to Ey/6 suggested by relevant codes. The elastic stiffness Ex=600MPa was 
lower than Ey, according to literature suggestions (Ganz and Thürlimann [11]). 
The vertical compressive strength was equal to the experimental value fcy=1.1 
MPa evaluated onto the gross section area, according to relevant codes. This is a 
rational approach, even in the present case where a full knowledge of the sub-
assemblage can give additional information. The compressive strength parallel to 
the bed joints was lower than fcy, according to technical literature (Hoffmann and 
Schubert [12]). In particular fcx was set to about 0.5fcy (fcx=0.5MPa). The 
inelastic behaviour under compression of masonry panels was described by the 
compressive energy fracture Gfc. A mean value of Gfcy=10 Nmm/mm2 resulted 
from experimental stress-displacement relationships given in Marcari et al. [5] 
and Marcari [7]. 
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    Such a value is in agreement with those calculated from compressive stress-
strain relationship reported by references for multiple-leaf tuff panel (Faella et al. 
[13, 14]). Since values of Gfcx were not directly measured, Gfcx was calibrated 
and resulted equal to 0.3 Gfcy (Gfcx=2.7Nmm/mm2). The masonry tensile strength 
ftx has been then determined as the lowest value corresponding to tension crack 
in the brick or shear slip along longitudinal joint, after Schubert and Weschke 
[15]. From available data on tensile strength of mortar samples and stones, and 
from triplet test results (Prota et al. [6]), the calculated tensile strength was 
ftx=0.17 MPa. The tensile strength fty=0.06 MPa was set close to the empirical 
value fty=(2/3)ft,mor given in Tassios [16], with ft,mor represents the tensile strength 
of the mortar. Therefore the following strength ratios were adopted: fcx/fcy=0.5; 
ftx/fty=2.8, fcy/fty≈18, on the analogy with similar relations found in masonry 
technical literature (Pina-Henriques [17]) and fcx/ftx≈3. Other inelastic parameters 
were not available and where assumed to vary within a physical range. In such a 
way, a calibration of the values for tuff masonry was obtained. Summarize of 
masonry properties and relevant strength and deformation parameters are given 
is illustrated in Table 1. 
     For the numerical analysis of solid walls, a regular mesh of 16×16 four-nodes 
quadrilater isoparametric plane stress element, with a 2×2 Gauss integration 
scheme was used. The equations related to the finite element discretization were 
solved using an incremental-iterative Linear Stiffness method, with arc-length 
control and line search technique. 
     The simulated loading scheme consisted of vertical compressive force at the 
upper edge, and of the self weight. Proper boundary conditions at the panel edges 
were considered in order to simulate the effect of the two steel loading shoes.  

Table 1:  Summary of masonry parameters for non-linear analysis. 

Type of 
masonry 

panel 

Elastic 
properties 

Inelastic properties 
Rankine type 

Criterion 

Inelastic properties 
Hill type Criterion 

Strength and 
deformation 

ratios 
Multiple-
leaf wall 

panel 

Ex=600MPa 
Ey=630MPa 
υxy=0.2 
Gxy=70MPa 

ftx=0.17MPa 
fty=0.06Mpa 
αt=1.6 
αh=1.0 
Gftx=0.008Nmm/mm2 
Gfty=0.09Nmm/mm2 

fcx=0.5MPa 
fcy.=1.1MPa 
γ=1.2 
β=-1.5 
Gfcx=2.7Nmm/mm2 
Gfcy=10Nmm/mm2 

Ex/Ey=0.95 
fcx/fcy=0.45 
ftx/fty=2.8  
fcy/fty=18 
fcx/ftx=3 
Gfcx/Gfcy=0.27 
Gftx/Gfty=0.08 

Solid wall Ex=647MPa 
Ey=680MPa 
υxy=0.15 
Gxy=110MPa 

ftx=0.35MPa 
fty=0.12Mpa 
αt=1.6 
αh=1.0 
Gftx=0.008Nmm/mm2 
Gfty=0.09Nmm/mm2 

fcx=0.69MPa 
fcy.=2.3MPa 
γ=1.2 
β=-0.6 
Gfcx=1.6Nmm/mm2 
Gfcy=6Nmm/mm2 

Ex/Ey=0.95 
fcx/fcy=0.3 
ftx/fty=2.9  
fcy/fty=19 
fcx/ftx=2 
Gfcx/Gfcy=0.27 
Gftx/Gfty=0.08 
 

 
     The elastic modulus Ey and the Poisson ratio νxy were set equal to the 
experimental values: Ey=680 MPa, νxy=0.15. The shear modulus was set equal to 
Ey/6=110 MPa (OPCM [4]), while the elastic stiffness in the direction parallel to 
the bed joints Ex was equal to 0.95 Ey=647 MPa, on the analogy with FEM 
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analysis of multiple-leaf panels. The experimental value of the vertical 
compressive strength was used, fcy=2.3MPa, wherease the horizontal 
compressive strength had to be calibrated as 0.30 fcy=0.69 MPa, so that 
experimental behaviour could be correctly reproduced. The compressive energy 
fracture Gfcy of 6 Nmm/mm2 resulted from the integral of the experimental 
stress-displacement relationship given in Prota et al. [6]. The compressive 
fracture energy Gfcx was about 0.3 Gfcy, according to FEM analysis of multiple-
leaf panels (Gfcx=1.6 Nmm/mm2). Due to the lack of available data about 
uniaxial tensile behaviour, the tensile fracture energies were considered equal to 
those of the multiple-leaf specimens, assuming, thus, Gftx=0.008 Nmm/mm2 and 
Gfty=0.09 Nmm/mm2. With reference to the strength ratio fcy/fty of multiple-leaf 
panels, the masonry tensile strength fty has been determined according to about 
fcy/18 (fty=0.12 MPa). Besides ftx≈2.9 fty=0.35 MPa. Other inelastic parameters 
were investigated by a numerical study where each parameter was varied in a 
physically realistic range, and the ones that best fit the experimental response 
were selected. Masonry parameters and relevant strength and deformation ratios 
are given in Table 1. The sensitivity of the numerical responses with respect to 
the uncertain parameters (difficult to be measured in practice) has been also 
assessed, but not reported herein for sake of brevity.  
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Figure 1: Experimental vs. numerical load-displacement curves and typical 
crack pattern at failure for multiple-leaf panel. 
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3 Numerical results 

Figure 1 shows the comparison between the experimental load-displacement 
curves denoted as test n° 1, 2, 3, 4 and the numerical results. The experimental 
response is very well reproduced in the elastic branch, until the horizontal 
displacement δx equals about 4 mm that basically corresponds to the diagonal 
shear crack openings of the panels. A good agreement is also found with respect 
to the collapse load, which results about 15% lower than the mean experimental 
value.  
     An overall good agreement is found even in the post-peak phase. Numerical 
response of the wall is depicted in Figure 2, in terms of deformed meshes and 
principal stresses at displacements of 4 and 14 mm, corresponding to 0.25% and 
0.89% drift δx/H ratios, respectively. During the entire loading process, cracks in 
the panels developed in a large band that goes through the top-left and the 
bottom right corner. This again agrees with the general trend of experimental 
results. It was observed that a large reserve of strength was showed, and the 
concentration of the minimum principal stresses in the shear band, that lead to 
local crushing of the corners. Therefore, the failure mechanisms observed in the 
experiments are well captured by the model. 
 
 

 
δx=4 mm - δx/H=0.25%. 

 

δx=14 mm - δx/H=0.89%. 

Figure 2: Deformed mesh and principal directions of stresses at different 
δ
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     Figure 3 shows the comparison between the experimental shear stress vs. 
vertical deformation and the numerical results of solid wall panels. The 
experimental curves are denoted as test n° 1, 2, 3, 4. The predicted shear strength 
was computed as τ=0.707 V/A, where V is the applied load and A the cross 
section area (A=0.257 m2), according to ASTM E51981 [19]. 
     Comparing results in terms of initial stiffness, it is possible to observe that the 
numerical response well reproduce the elastic behaviour, until about εv=-0.005 
that basically corresponds to the first cracking load. Another important aspect is 
that a good agreement was achieved in terms of strength, since the numerical 
peak strength is found only 12% higher than the mean experimental value. 
 

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

-0.022 -0.020 -0.017 -0.015 -0.012 -0.010 -0.007 -0.005 -0.002

Numerical simulation

Sh
ea

r s
tre

ss
 τ

  [
M

Pa
]

εv 

Test n°1

Test n°2

Test n°3

Test n°4

 
 

 

Figure 3: Experimental vs. numerical load-displacement curves and typical 
crack pattern at failure for solid masonry panel. 

      Again, the softening behaviour is well captured by numerical analyses on the 
analogy with results obtained for multi-leaf panels. Behaviour of the solid wall is 
depicted in Figure 4 in terms of deformed meshes and principal stresses at 
vertical displacements of -1.43 mm and -4.9 mm, corresponding to the cracking 
load and the ultimate load, respectively. 
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δy=-1.43 mm – Cracking Load. 

 

δy=-4.9 mm – Ultimate load. 

Figure 4: Deformed mesh and principal directions of stresses at different 
vertical displacement δy. 
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Figure 5: Mesh sensitivity of the numerical results for multiple-leaf wall (a); 
solid wall (b). 

     Crack pattern obtained by macro-modeling mainly arise in a large band that 
goes through the top and the bottom corner, combined with crushing cracks 
occurred near the steel loading shoes. The difference found between predicted 
and observed failure mechanism can be attributed to the approximation of 
macro-modeling approach which treats masonry as a continuum. 
     Mesh sensitivity of numerical response is analysed in Figure 5 both for 
multiple-leaf and solid wall panels. Two meshes sizes were considered, refined 
by factors 0.5 and 2, respectively. The maximum difference in terms of collapse 
load is approximately 3% for multiple-leaf wall, and the maximum difference in 
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peak strength is about 11% for solid wall. Besides the predicted failure 
mechanism remains the same. In summary predicted results can be considered 
mesh independent for practical purposes. 

4 Conclusions 

Numerical simulations of the experimental response of two different types of tuff 
masonry panels subjected to monotonic shear loading have been performed. A 
refined anisotropic continuum model is adopted and interpretation of results has 
been carried out using DIANA FEM code, ver. 8.1. It is shown that, if a macro-
modeling strategy can be applied, the proposed anisotropic model is able to well 
predict the behaviour of masonry structures, as well as sufficiently accurate post-
peak response and failure mechanisms, even some aspects need further 
optimizations. For non-linear analysis of tuff masonry structures, calibration of 
relevant parameters is carried out, and correlations between relevant mechanical 
parameters for both multiple-leaf and solid panels is provided. This is certainly 
of interest since experimental databases are generally poor and does not lead to 
fully satisfactory code provisions and retrofit design. Experimental and 
numerical results can be therefore considered an additional step in the 
perspective of full knowledge in the behaviour of tuff masonry structures.  
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