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ABSTRACT 

Numerical modeling and analysis of masonry structures is one of the greatest challenges faced 

by structural engineers. This difficulty is attributed to the presence of joints as the major 

source of weakness, discontinuity and nonlinearity as well as the existence of uncertainties in 

the material and geometrical properties. In this paper, an anisotropic (orthotropic) finite 

element model is proposed for the macro-modeling of masonry structures. Based on this FE 

macro-model a computer code has been developed for the structural design and analysis of 

unreinforced masonry (URM) walls under plane stress. During the development procedure, 

special attention has been given at the graphic imaging of the analysis results. The program 

possesses the capability of automatic crack pattern generation and associated damage indices 

for a set of masonry failure criteria. These damage indices data have been proven to be an 

effective tool for the selection of the optimum repair scenario. The derived results in 

comparison with the available experimental findings demonstrate that the proposed procedure 

is effective and robust for the modelling and seismic assessment of masonry structures 

compared to available ones. Furthermore, the derived crack patterns seem to be a useful tool 

for the selection of the optimum scenario of the masonry structures. 

 

Keywords: damage index, failure criteria, historical mortars, masonry structures, material 

anisotropy, finite element modelling, seismic assessment. 

 

INTRODUCTION 

Masonry structures are vulnerable to earthquakes, but their modeling and seismic assessment 

remains a challenge task both for scientists and practicing engineers. This mainly has to do 

with their complex, discontinue and multi face behavior as a material that exhibits distinct 

directional properties because the mortar joints act as planes of weakness. Furthermore, their 

brittle behavior and the considerable scatter of material mechanical properties make their 

structural modeling more complicated and difficult. 

Utilizing numerical methods for the structural analysis of masonry structures contributes to a 

more thorough understanding of their structural behavior and to its more accurate protection 

and conservation. Among the plethora of computational methods and approaches, continuum 

mechanics finite element models, comprise one of the most widely used methodologies for 

the analysis of large masonry structures. Their extensive use is the outcome of a compromise 
between the accurate representation of the masonry’s structural response and the 

computational cost incurred for analysing large structures. Nevertheless, despite such 
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advantages, finite-element macro-models encounter two important challenges, namely, the 

realistic representation of damage and a satisfactory independency of the solution to the 

structure of the used mesh discretization. 

In this paper, an anisotropic (orthotropic) finite element model is proposed for the macro-

modeling of masonry structures. Based on this FE macro-model, a computer code, in 

MATLAB environment, has been developed for the structural modeling and seismic 

vulnerability assessment of unreinforced masonry structures using a set of masonry failure 

criteria. 

 

FINITE ELEMENT MACRO-MODEL 

The basic concepts of the finite element method are well documented and will not be repeated 

in this paper. Only the essential features will be presented. In this paper, an anisotropic 

(orthotropic) finite element model is proposed for the macro-modeling of masonry structures. 

Specifically, a four-node isoparametric rectangular finite element model with 8 degrees of 

freedom (DOF) has been used (Fig. 1).  
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Fig. 1 - Finite element macro-model dimensions 

 

The major assumption of modeling the masonry behavior under plane stress is that the 

material is homogeneous and anisotropic. Especially, the material shows a different modulus 

of elasticity (𝐸𝑥) in the x direction (direction parallel to the bed joints of brick masonry) and a 

different modulus of elasticity (𝐸𝑦) in the y direction (perpendicular to the bed joints). In the 

case of plane stress the elasticity matrix is defined by 
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where 𝜈𝑥𝑦 and 𝜈𝑦𝑥 are the Poisson’s ratios in the xy and yx plane respectively, and 𝐺𝑥𝑦 is the 

shear modulus in the xy plane. 
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FINITE ELEMENT CODE 

Based on the above proposed FE macro-model, a computer code called MAFEA (MAsonry 

Finite Element Analysis), in MATLAB environment, has been developed for the structural 

design and analysis of unreinforced masonry (URM) walls. During the development 

procedure, special attention has been given to matrix processing techniques that economize 

storage and solution time by taking advantage of the special structure of the stiffness matrix. 

Especially, based on the symmetry, sparse, and band form to the principle diagonal of the 

stiffness matrix an iterative solution technique -such as the Gaussian elimination algorithm 

tailored to the specific case of banded matrix (half bandwidth)- is used for the solution of 

linear system equations of the structure. 

During the development procedure, special attention has been given at the graphic imaging of 

the analysis results. The program possesses the capability of automatic crack pattern 

generation and associated damage indices for a set of masonry failure criteria. Specifically, 

anisotropic failure criteria such as the cubic tensor polynomial (Syrmakezis & Asteris 2001, 

Asteris 2010 & 2013) and isotropic failure criteria such as the ones proposed by Syrmakezis 

et al. 1995 and Kupfer et al. 1969 have been implemented in the program. For each criterion, 

a color image is generated depicting the failure areas of the masonry wall and highlighting in 

distinct ways the kind of stress underpinning the failure. 

 

DAMAGE INDEX 

Damage control in a building is a complex task, especially under seismic action. There are 

several response parameters that can be instrumental in determining the level of damage that a 

particular structure suffers during a ground motion; the most important ones are: deformation, 

relative velocity, absolute acceleration, and plastic energy dissipation (viscous or hysteretic). 

Controlling the level of damage in a structure consists primarily in controlling its maximum 

response. Damage indices establish analytical relationships between the maximum and/or 

cumulative response of structural components and the level of damage they exhibit (Park et 

al. 1987). A performance-based numerical methodology is possible if, through the use of 

damage indices, limits can be established to the maximum and cumulative response of the 

structure, as a function of the desired performance of the building for the different levels of 

the design ground motion. Once the response limits have been established, it is then possible 

to estimate the mechanical characteristics that need to be supplied to the building so that its 

response is likely to remain within the limits. 

For the case of masonry structures a new damage index is proposed by Asteris, which 

employs as response parameter the percentage of the damaged area of the structure relatively 

to the total area of the structure. The proposed damage index (DI), for a masonry structure can 

be estimated by  

 

100][ 
totA

failA
DI       (2) 

 

where failA  is the damaged surface area of the structure and totA  the total surface area of the 

structure. 
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EXAMPLES 

Two unreinforced masonry walls (Figure 2) under plane stress state were studied using the 

MAFEA program presented in the previous section, in order to quantify and to assess their 

seismic vulnerability. The mechanical characteristics of the masonry material are presented in 

Table 1. These cases have been selected as representative cases of flexural shear walls and of 

shear walls. It should be noted that the developed stress strongly depends on the type of the 

structural system. Especially, for flexural shear walls under seismic loading, most regions of 

the walls are under biaxial heterosemeous stress state. 
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Fig. 2 – 2D anisotropic masonry walls with two openings  

 

 

Both cases were studied for values of peak ground acceleration from 0.00 to 0.80 by step 

0.08. Furthermore, for each one masonry wall the crack pattern have been derived (Figure 3) 

for two isotopic failure criteria. For each case, the failure areas were computed using the 

failure criterion proposed by Syrmakezis et al. 1995 as well as the failure criterion proposed 

by Kupfer et al. 1969. These two isotropic failure criteria have been adopted widely by many 

researchers for the failure estimation of masonry structures assuming masonry material as an 

isotropic material dispite its strongly anisotropic nature. Furthermore, a damage index for 

each criterion was computed. This kind of information is very useful for the cases 

necessitating the proposal of reinforcement measures for the constructions under study. This 

is due to the fact that different sets of reinforcement measures are needed for wall regions 

failing under biaxial tension, under biaxial compression, and under heterosemous stress state. 

The failure criteria are utilized to extract fragility curves regarding each failure criterion 

regarding the use of various restoration mortars toward the selection of the optimum repair 
scenario. Specifically, in this manner, the optimum restoration mortar in regards to the 

enhancement of the building’s behavior under seismic action can be selected. Restoration 

mortars of compressive strength values 5, 10 and 15 MPa (Table 1) were evaluated, in order 

to cover the whole range of mechanical properties presented by restoration mortars, which 
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have been assessed to be compatible for use in monuments and historical buildings 

(Moropoulou et al. 2005). 

The damage indices are presented in Figures 4 and 5 for the existing structure as well as for 

the three cases of repaired structures with the above mentioned three restoration mortars. 

These indices are very useful for the assessment of the seismic vulnerability of the existing 

masonry structures and for the quantitative estimation of the structures’ vulnerability. In other 

words, these damage indices facilitate, in a significant manner, the determination (selection 

decision) of the optimum restoration scenario (among a plethora of restoration scenarios). 

 

Table 1. Materials Elastic Properties 

 

Material 

Moduli of elasticity 

[MPa] 

Compressive 

Strengths 

[MPa] 

Tensile 

Strengths 

[MPa] 

Poison’s 

ratios 

xE  yE  x
cf  

y
cf  

x
tf  

y
tf  

xy

 

yx

 

(1) (2) (3) (4) (5) (6) (7) (8) (9) 

 

Masonry* 

 

4362.5 

 

7555.0 

 

4.3625 

 

7.5550 

 

0.40 

 

0.10 

 

0.20 

Restoration Mortar A 5000.00 5.00 5/8 0.20 

Restoration Mortar B 10000.00 10.00 10/10 0.20 

Restoration Mortar C 15000.00 15.00 15/12 0.20 

 
*
 The values of this masonry material have been estimated experimentally by Page (1981). 

 

 

 

CONCLUSIONS 

The derived results in comparison with the available experimental findings- demonstrate that 

the proposed procedure is effective and robust for the modelling and seismic assessment of 

masonry structures compared to available ones. Furthermore, the derived crack patterns seem 

to be a reliable means for the selection of the most suitable and effective restoration scenario 

of the masonry structures. This is due to the fact that different sets of reinforcement measures 

are needed for wall regions failing under biaxial tension, under biaxial compression, and 

under heterosemous stress state. 
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PGA=0.24g-Syrmakezis et al. 1995 

 

PGA=0.24g-Kupfer et al. 1969 

 

PGA=0.32g-Syrmakezis et al. 1995 

 

PGA=0.32g-Kupfer et al. 1969 

 

PGA=0.40g-Syrmakezis et al. 1995 

 

PGA=0.40g-Kupfer et al. 1969 

 

 

 

Fig. 3 – Mapping cracking pattern of masonry wall with two openings (Existing structure) 
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(a) Existing structure (Syrmakezis) (b) Existing structure (Kupfer) 

  
(c) Repaired structure - fmc=5MPa (Syrmakezis) (d) Repaired structure - fmc=5MPa (Kupfer) 

  
(e) Repaired structure - fmc=10MPa (Syrmakezis) (f) Repaired structure - fmc=10MPa (Kupfer) 

  
(g) Repaired structure - fmc=15MPa (Syrmakezis) (h) Repaired structure - fmc=15MPa (Kupfer) 

Fig. 4 Damage indices for the existing flexural shear wall as well as for the three case of 

restoration scenarios with mortar compressive strength fmc=5MPa, fmc=10MPa and 

fmc=15MPa using Kupfer and Syrmakezis failure criterion 
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(a) Existing structure (Syrmakezis) (b) Existing structure (Kupfer) 

  
(c) Repaired structure - fmc=5MPa (Syrmakezis) (d) Repaired structure - fmc=5MPa  (Kupfer) 

  
(e) Repaired structure - fmc=10MPa (Syrmakezis) (f) Repaired structure - fmc=10MPa (Kupfer) 

  
(g) Repaired structure - fmc=15MPa (Syrmakezis) (h) Repaired structure - fmc=15MPa (Kupfer) 

Fig. 5 Damage indices for the existing shear wall as well as for the three case of restoration 

scenarios with mortar compressive strength fmc=5MPa, fmc=10MPa and fmc=15MPa, 

using Kupfer and Syrmakezis failure criterion  
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