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Abstract— Masonry structures are widespread around the 

world due to their relative low cost, availability of raw 

materials and ease of construction.  The prediction of 

structural masonry behaviour is complex, especially under 

extreme loading conditions such as earthquake excitation. 

Nowadays, numerical simulations are used in many 

engineering applications including masonry. It is most 

common to model masonry using 2D analysis. 3D models can 

provide a more realistic simulation where geometry and 

loading conditions dictate. In this study, a 3D model is 

developed using Abaqus based on a combination of plasticity 

models without the requirement of a user-defined subroutine. 

The validity of the model is demonstrated by simulating the 

non-linear response and failure mechanism of a cyclically 

loaded wall tested experimentally. 

I. INTRODUCTION 

Masonry is one of the most commonly used building 
materials around the world and is abundant in both modern 
and historical construction e.g. one third of the world’s 
population live in buildings of earthen construction [1], 
which are classified as low strength masonry structures. 
Moreover masonry is often employed as infill walls in steel 
or concrete frame buildings. The masonry assemblage 
consists of discrete units i.e. bricks or blocks and mortar, 
these usually have different mechanical properties. In 
addition, the pattern and arrangement of the units can be 
influential in the whole system or assemblage behavior. 
These factors mean masonry is classified as a heterogeneous 
anisotropic material. Consequently, understanding and 
assessment of structural behavior of masonry is complex. 
Nevertheless, a significant proportion of the world's 
masonry structures are located in regions prone to natural 
hazards such as earthquakes, cyclones etc. In such 
circumstances, the failure and collapse of masonry 
structures presents a real risk to occupants and is a major 
cause of casualties, for instance, the central coast of Peru 
earthquake in 2007 resulted in 519 casualties and 
destruction of thousands of masonry houses [2].  

Detailed understanding of the response and structural 
behavior of masonry under extreme loads (e.g. cyclic loads) 
is vital in order to improve resilience. Investigation of 
masonry behavior via physical experiments is not always 
feasible due to the complexity of the material and practical 
constraints. Alternatively, finite element (FE) analysis can 
be used to simulate the complex behavior of masonry under 
different loading conditions. In recent decades, FE 
modelling has continuously evolved in accuracy and 
complexity. In general, masonry modelling approaches are 
classified as detailed micro modelling, simplified micro 

modelling and macro modelling [3]. Previous studies have 
been undertaken to simulate masonry under cyclic loads. 
Karapitta et al. [4] proposed a 2D macro model to simulate 
in-plane cyclic behavior of unreinforced masonry by using a 
smeared-crack model which successfully described the non-
linear response but could not capture crack propagation. A 
2D FE analysis for masonry subjected to combined vertical 
and cyclic horizontal loads was made by Manos et al. [5], 
the model predicted the initial stiffness response, but failed 
to capture the behavior at large non-linear displacements. A 
simplified 2D micro model was proposed by Oliveira and 
Lourenço [6] using interface elements between masonry 
units. The model simulated both the stiffness degradation 
and failure modes. In all the aforementioned studies 2D 
models were used and these were limited to unreinforced 
masonry under vertical and cyclic in-plane horizontal forces 
only. In a real earthquake event, the forces are more 
complex and may be multi-directional, thus 3D models are 
necessary to better predict structural response in such cases. 
Few 3D FE studies have been undertaken on cyclically 
loaded masonry. A 3D FE analysis was implemented by 
Kuang and Yuen [7] using a damage based cohesive crack 
model, this employed a user-defined subroutine, and was 
capable of capturing the response and failure mechanisms of 
masonry under dynamic loads. However, compressive 
failure of the masonry was not considered. Another 3D 
constitutive material model was presented by Aref and 
Dolatshahi [8], again a user-defined subroutine was 
employed to simulate the response of masonry under a 
combination of vertical, out-of-plane and in-plane cyclic 
loads. 

In this study, a 3D simplified micro model is proposed 
based on a combination of constitutive models to capture 
the non-linear response and failure mechanisms of masonry 
under realistic loading conditions, unlike 2D models, and 
without employing any user-defined subroutine. 

II. DESCRIPTION OF CONSTITUTIVE MODELS 

The constitutive models and their associated failure 

modes are presented below. 

A.  Surface-based Cohesive Behaviour Model 

This model simulates the elastic and inelastic behaviour 
up to failure of the masonry unit-mortar interfaces i.e. the 
tensile and shear failure along the masonry bed and head 
joints are captured via this model. The elastic response is 
governed by a user-defined elastic stiffness matrix 
expressed based on a traction separation relationship (1). 
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𝒕 = {

𝑡𝑛

𝑡𝑠

𝑡𝑡

} = [

𝑘𝑛𝑛 0 0
0 𝑘𝑠𝑠 0
0 0 𝑘𝑡𝑡

]  {

𝛿𝑛

𝛿𝑠

𝛿𝑡

} = 𝑲𝜹              (1) 

Where; 𝑘𝑛𝑛, 𝑘𝑠𝑠 and 𝑘𝑡𝑡 are initial stiffness of masonry joints 
in normal and two shear directions, respectively. 𝑡𝑛, 𝑡𝑠 and 
𝑡𝑡 are normal traction and shear tractions in masonry joints, 
respectively. 𝛿𝑛, 𝛿𝑠 and 𝛿𝑡  are separations of masonry joints 
in normal and shear directions, respectively. Formation of 
cracks (i.e. damage initiation) along bed and head joints 
occurs once a user-defined damage initiation criterion is 
met. In this study, this is based on the quadratic nominal 
stress criterion, which is expressed as in (2) [9]. 

(
〈𝑡𝑛〉
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𝜏 𝑠ℎ𝑒𝑎𝑟
)

2

+ (
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𝜏 𝑠ℎ𝑒𝑎𝑟
)

2

= 1         (2) 

Where; σ𝑡𝑒𝑛𝑠𝑖𝑙𝑒  is the tensile strength of the masonry unit-
mortar interface, 𝜏 𝑠ℎ𝑒𝑎𝑟  is shear strength of the masonry 
unit-mortar interfaces, which is calculated by using (3). The 
Macaulay bracket in (2) indicates the exclusion of 
compressive stresses to initiate damage. 

𝜏 𝑠ℎ𝑒𝑎𝑟 = 𝑐 +  𝜇 𝜎𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒                     (3) 

Once the above damage initiation criterion is met, the 
stiffness degradation in the bed and head joints (i.e. crack 
propagation) takes place at a defined rate up to failure of the 
joints. The rate is defined as a scalar damage variable D, 
thus (1) can be rewritten as (4). 

𝒕 = (1 − 𝐷)𝑲 𝜹                               (4) 

The range value of D is 0 to 1, 0 indicates no damage and 1 
indicates total strength loss in the joints. In this study, D is 
assumed to be determined based on defining the energy 
dissipated as a result of the fracture of the masonry joints. 
The critical mixed mode fracture energy is assumed to be 
found by following the Benzeggagh-Kenane (BK) law [10], 
which is expressed as (5). 

𝐺𝑇𝐶 = 𝐺𝛪𝐶 + (𝐺𝛪𝛪𝐶 − 𝐺𝛪𝐶) {
𝐺𝛪𝛪+ 𝐺𝛪𝛪𝛪

𝐺𝛪+𝐺𝛪𝛪+ 𝐺𝛪𝛪𝛪
}

𝜂

        (5) 

Where; 𝐺𝑇𝐶 is the critical mixed mode fracture energy at 
failure, 𝐺𝛪𝐶 and 𝐺𝛪𝛪𝐶 are the tensile and shear fracture 
energy, respectively, 𝐺𝛪 , 𝐺𝛪𝛪 and 𝐺𝛪𝛪𝛪 are the work done by 
traction-separation behaviour in normal and shear 
directions. 

B. Normal and Tangential Behaviour Models                

Transfer of pressure between adjacent contacting surfaces of 
the masonry units and prevention of unit penetration under 
compression were ensured by defining a hard contact 
condition in the normal direction. In the tangential 
directions, a Coulomb friction model was defined to 
simulate the shear sliding behaviour of masonry joints after 
complete failure, which is governed by (6). 

𝜏 𝑠𝑙𝑖𝑑𝑖𝑛𝑔 = 𝜇 𝜎𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒                          (6)           

C. Drucker-Prager (DP) Plasticity Model 

This model is used to simulate the hardening and 
softening behaviour of masonry under compression. Thus, 
possible compressive failure i.e. crushing of the masonry 
can be captured. In this study, the evolution of the 
compressive yield surface is defined based on uniaxial 

compression yield stress, 𝜎𝑐, of the masonry system. The 
values of the non-linear compressive stresses verses the 
corresponding plastic strains of the masonry assemblage are 
defined under the compressive hardening and softening 
behaviour of the DP plasticity model. 

III. VALIDATION EXAMPLE AND RESULTS 

As a means of validating the model, an existing 
experimental study by Aref and Dolatshahi [8] will be 
simulated. 

A. Description and material properties of  tested wall 

The tested wall was 1700 mm wide x 1550 mm high x 
100 mm thick. The wall was built with 23 courses of solid 
clay bricks, the bricks were 203 mm x 100 mm x 60 mm. 
The mortar thickness was maintained at 10 mm for all 
joints. The wall was fixed to rigid steel beams at top and 
bottom, Fig. 1. A compressive axial load of 100 kN was 
applied vertically to the top of the wall via a rigid steel 
beam. Following this, an out-of-plane displacement of 10 
mm was applied to the top of the wall, while the 
compressive load was kept constant. Next, an in-plane 
cyclic load was imposed at the top of the wall under 
displacement control while keeping the compressive load 
and out-of-plane deformation constant. 

 

 

 

 

 

 

 

 

 

Figure 2. Test setup (redrawn from [8])  

The material properties required for defining the numerical 
model were obtained from the experimental results reported 
in [8] Table 1.  

B. FE model 

  In the simplified micro model, the expanded units were 
modelled using 3D 8-node linear brick elements with 
reduced integration and hourglass control (C3D8R). The 
masonry head and bed joints were modelled using the 
surface based cohesive model. The model was analysed in 
Abaqus/Explicit. The model was generated via a simple 
code in Python; this helps to reduce the time and effort 
required. The side length of the elements was 30∓3 mm; 
this was chosen based on a mesh sensitivity analysis. The 
total number of elements was 7800. The bottom of the wall 
was defined as fixed and the loads were imposed at the top 
to simulate the same boundary conditions as the experiment. 
The analysis was conducted in three steps, in the first step 
the vertical axial load was applied under displacement 
control. In the second step, the out-of-plane displacement 
was imposed. In the last step, the cyclic load was imposed 
under displacement control following the protocol shown in 
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Fig.2, while the compressive vertical load and out-of-plane 
displacement were kept constant. 

      TABLE 1.  MATERIAL PROPERTIES FOR THE MASONRY FE MODEL [8] 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.  Protocol of cyclic displacements at the top of the wall            

(based on [8]) 

C. Results 

The FE results showed a good agreement with the 

experimental results in terms of the non-linear response, 

crack distribution and failure mechanism of the masonry 

wall. The failure mode in both the experimental and 

numerical walls was due to formation of diagonal cracks, 

Fig. 3. However the diagonal cracks in the numerical model 

extended from the corners, while in the experiment they 

extended 1/3 of the wall height from the top. As reported in 

[8], this partly relates to the non-uniform quality of the 

mortar. Additionally, given the complicated boundary 

conditions, it was difficult to maintain constant out-of-

plane displacement during the experiment. 

 

 

 

 

 

 

 

 

 

 
(a)                                                (b) 

 

Figure 3. Comparison between failure mechanisms: (a) experimental;               
(b) numerical, x- direction displacement is in mm, scale factor = 5 

 

Fig. 4 compares the experimental and numerical load-

displacement response. In terms of initial stiffness, the two 

results were different; this may be due to inaccuracies in 

the adopted material properties. Following this, the model 

captured the degradation under further cycles reasonably 

well. In the experiment, no crushing of the masonry units 

occurred [8], correspondingly the numerical analysis shows 

that the compressive stresses were below the compressive 

strength of the wall during the cycles. 

 

 

 

 

 

 

 

 

 

Figure 4. Comparison between experimental and numerical                          
load-displacement responses 

(a) CONCLUSIONS   

       In this study, 3D FE analysis via a simplified micro 

model was conducted utilising a combination of constitutive 

models to simulate the non-linear response of unreinforced 

masonry under cyclic loads. Validity of the model was 

demonstrated by the good agreement between numerical 

and experimental results. The model captured the complex 

3D behaviour of the masonry, unlike most commonly used 

2D models described in the literature. By negating the 

requirement for user defined subroutines, the accessibility of 

the model is greatly improved. However, possible tensile 

and shear cracks within the individual units of masonry 

were not considered in the model. Addressing such 

limitations forms part of the authors’ ongoing research.  
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Masonry properties 

Elastic modulus (N/mm2) 4585 

Compressive strength (N/mm2) 34.5 

Joint properties 

knn  (N/mm3) 62 

kss and ktt  (N/mm3) 27 

Cohesion, c (N/mm2) 0.135 

Coefficient of friction, μ 0.92 

Shear fracture energy, 𝐺𝛪𝛪𝐶 (N/mm) 0.0625 

Tensile strength, 𝜎𝑡𝑒𝑛𝑠𝑖𝑙𝑒  (N/mm2) 0.1 

Tensile fracture energy, 𝐺𝛪𝐶 (N/mm) 0.00625 


