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1. INTRODUCTION 
 

The masonry model (Amorosi et al., 2015; Amorosi et al., 2018, Lasciarrea et al., 2018) is a linear elastic-
perfectly plastic model aimed to simulate the macroscopic, anisotropic response of unreinforced 
masonry structures. In this model a coulomb criterion is used to simulate the failure in the predefined 
directions and an overall Mohr-Coulomb criterion is used to represent a failure of the masonry blocks.  It 
is based on the anisotropic Jointed Rock constitutive model, a user defined model implemented in 
PLAXIS which has a constitutive law that takes into account the directional properties of the medium 
and orientation of maximum three failure directions along which a Coulomb failure criterion applies. 

Masonry structures are heterogeneous media which have relatively large intrinsic stiffness and strength 
of the blocks as compared with those of the joints. Hence, the behavior under loading is strongly 
influenced by the joint properties, texture and geometrical size. The direct approach to model these 
assemblies is a discrete or discontinuous modelling, where the blocks and joints are treated separately. 
However, these models can be hardly used in practice due to discretization of individual bricks and 
joints, leading to numerical difficulties and computational demands (de Buhan et al., 1997). The 
alternative is a continuum-based approach where the structure is regarded as an anisotropic medium 
with a constitutive relationship that describes the overall behavior. The Masonry model is a macroscopic 
model for block masonry defined by a limited number of geometrical and mechanical parameters with 
most of them coincide with those of the original Jointed Rock model. It has two sets of failure planes in 
which the strength parameters are defined using the Coulomb failure criterion. The geometrical 
character of a single brick is reflected using an additional Strength Factor parameter. The isotropic 
elastic parameters that define the overall masonry response are needed. If elastic properties of bricks 
and joints are available, a closed form approximated expression of the macroscopic elastic strain energy 
as derived by homogenization by (de Felice et al., 2010) can used to derive the overall elastic 
parameters.   

The model is implemented as User Defined Soil Model (UDSM) in PLAXIS. Before starting PLAXIS, the 
masonry64.dll must be placed in the udsm sub-folder inside the PLAXIS installation folder. While 
creating a new material data set, the User-defined option should be selected through the Material 
model combo box in the General tabsheet of the Material sets window. In the Parameters tabsheet, the 
masonry64.dll should be selected as the DLL file from the drop-down menu. Masonry should be used as 
the Model in DLL.  

This document consists of the following five sections 

 A brief introduction of the model and its usage in the current section. 
 The constitutive assumptions and the formulation of the model. 
 Model parameters and calibration of the elastic parameters 
 Benchmark numerical examples 
 Conclusions 

 

 



 

2 
 

MASONRY MODEL 

2. THE MASONRY MODEL 
 

The Masonry model is a modified version of Jointed Rock model which is an anisotropic elastic perfectly 
plastic constitutive model implemented in PLAXIS to simulate stratified and jointed rock layers. The 
formulation takes into account a maximum of three different joint directions representing rock mass 
discontinuities or, in this case, cementation joints, along which a local Coulomb failure criterion holds, 
and an overall Mohr-Coulomb failure criterion applies to represent failure of the block (continuum part 
of the masonry). In-fact, the original jointed rock model already accounts for one of the key features of 
the mechanical behavior of masonry which is anisotropy at yielding. However, it does not consider the 
strength enhancement in brick masonry due to interlocking effects. This joint research activity between 
Sapienza and Roma 3 University was aimed at improving the original Jointed Rock formulation to more 
realistically account for some specific features of the nonlinear mechanics of masonry structures 
stemming from the interlocking effects of the bricks due to its staggered arrangement in vertical 
direction (Figure 1). This feature can play a significant role in damage development and propagation 
within the masonry structure leading to overturning/horizontal sliding of the system.  

 

 

Figure 1: Orientation of Plane 1-1' and Plane 2-2' in the Masonry model (Amorosi et al. 2018) 

 

The specific arrangement of unit blocks in horizontal layers, the tensile and shear strength along the head 
joints (noted as direction 1-1’) is enhanced due to the contribution of bed joints (noted as direction 2-2’) 
which are subjected to an increasing vertical stress state. The model takes into account the increase in 
shear and tensile strength increase as a function of depth as shown in Equations 1 to 3. This feature is 
responsible for the classical tendency observed in many masonry structures that exhibits downward 
tensile crack propagation from the top portion of the walls. The strength enhancement depends on the 
dimensional ratio of the blocks which is accounted through a new parameter in the model named as 
Strength Factor, Equation 3. Related to the above enhanced tensile strength a corresponding increment 
of the available shear strength is introduced in the model, such that the ratio between these two 
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contributions is a constant. The overall strength along the plane 1-1’ increases as a function of depth, both 
in terms of tensile and shear components.  

𝑐 , = 𝑐 − 𝑆𝐹 𝜎( , ) +  
c SF

tan 𝜑
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In which, a is the block height, b is the block width 𝜎( , ), is the stress acting perpendicular to the bed 
joints with compression as negative, 𝑐  is the cohesion acting on plane 1 -1’, 𝑐  the cohesion acting on 
plane 2-2’ and tan 𝜑  is  the friction coefficient of plane 2-2’. In Equations 1 and 2 the first term 
represents the standard cohesive/tensile strength contribution along the head joint direction (1-1’) 
while the second and third terms correspond to frictional and cohesive contribution to the shear 
strength available along plane 1-1’ due to interlocking effects.  No modifications are introduced for 
strength parameters along plane 2-2’ which is parallel to bed joints where there are no strength 
enhancements dues to interlocking effects. 

3. MODEL PARAMETERS AND CALIBRATION OF THE ELASTIC PARAMETERS 
 

Parameters required for the Masonry model relate with those in the anisotropic jointed rock model. A 
new parameter SFbeta is introduced as discussed in the previous section. The parameters for the model 
are summarized in Table 1. 

 

Table 1: Model parameters  

Parameter Type Symbol Description Unit 

Overall elastic isotropic parameters 
G Shear modulus kN/m2 
𝜈 Poisson’s ratio - 

Strength parameters for the continuum 
part. 

Cmc Cohesion kN/m2 
phimc Friction angle ° 
psimc Dilatancy angle ° 
tensmc Tensile strength kN/m2 

Strength parameters for head joints 
oriented along direction 1-1 

SFbeta Strength factor - 
1:alpha1 

 
Describes the orientation of 
vertical head joint with typical 
value of 90° for Figure 1 geometry ° 

1:alpha2 

 
C1 Cohesion kN/m2 
phi1 Friction angle ° 
psi1 Dilatancy angle ° 
tens1 Tensile strength kN/m2 
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Strength parameters for bed joints oriented 
along direction 2-2 

2:alpha1 

 
Describes the orientation of 
horizontal bed joint with typical 
value of 0° for Figure 1 geometry ° 

2:alpha2 

 
C2 Cohesion kN/m2 
phi2 Friction angle ° 
psi2 Dilatancy angle ° 
tens2 Tensile strength kN/m2 

 

The model can be used in 2D as well as in 3D analysis with same set of parameters. For 3D models, users 
have the flexibility of changing the orientation of the head joint and bed joint using the dip angle α1 and 
the strike angle α2.  For 2D plane strain conditions, only α1 is required.  However, for most of the 
applications, the orientation of the head joints and bed joints are shown in Figure 1. Hence it is sufficient 
to enter the default parameters for α1 and α2 as given in Table 1.  While interpreting the results, it must 
be noted that the 2D output forces (Fx and Fy) are provided for per meter width. However, for 3D models 
the total forces (Fx, Fy and Fz) depends on the simulated panel thickness. 

Calibration of elastic parameters 
The isotropic elastic model parameters G and 𝜈 used in Masonry model refer to the overall response of 
the structure. If the elastic properties of bricks and joints are available, a homogenization procedure 
proposed by de Felice et al. (2010) shall be used to obtain a continuum-based formulation. Here, it is 
assumed that the block masonry structure at macroscopic level is a homogeneous anisotropic 
continuum, where the motion of the blocks is replaced by continuous deformation of the homogenized 
medium. The overall behavior may be computed with sufficient accuracy without accounting for the 
motion of each single block (de Felice et al., 2010).  The shear modulus G is given by Equation 1, and the 
Poisson’s ratio 𝜈  is obtained as an average value from Equation 2. 
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Where 𝜈  and 𝜈  are the Poisson’s ratios for the head joints (direction 1-1’) and bed joints (direction 2-
2) respectively (Figure 1). The normal joint stiffness Kn is given by Equation 6 and the shear joint stiffness 
Kt is calculated by Equation 7. The Lame’s coefficients 𝜇  and 𝜆  for the unit blocks are given by 
Equations 8 and 9 respectively. The Young’s moduli of the head E1 and bed E2 are calculated by 
Equations 10 and 11 
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In which 𝐸  is the Young’s modulus of the blocks, 𝐸  is the Young’s modulus of the mortar, 𝜈  is the 
Poisson’s ratio of the blocks and 𝜈  is the Poisson’s ratio of the mortar.  

Strength parameters  
In the absence of laboratory data, typical values used for cohesion, friction angle tensile strength to be 
used for head and bed joints can be determined from the literature or from National standards. One 
such example is the Dutch Practice guidelines NPR 9998:2017 in which strength and stiffness values of 
different masonry structures are listed (Table F2. NPR 9998:2017). Milosevic et al. (2015) summarizes 
the determination of initial strength (cohesion) of masonry via diagonal compression test and cohesion 
and coefficient of friction using triplet test. Caldernini et al. (2009) discusses the determination of 
overall cohesion and friction angle from diagonal compression test. Allen et al. (2017), Chaminda et al. 
(2012) discusses the results of cyclic in-plane shear testing of unreinforced masonry walls. Lourenco et 
al. (1995) discusses the strength and stiffness properties of masonry joints comparing those with 
experimental results. Amorosi et al. (2014) provide typical strength and stiffness parameters used for 
masonry structures and discusses the numerical modelling of an excavation adjacent to ancient masonry 
walls.  

 

Output state parameters 
In addition to the traditional output quantities available for all material models, it is possible to visualize 
cohesion, tension and strain components as state parameters after performing a finite element 
calculation using the Masonry model, which can be accessed through the state parameters option under 
the stresses menu. 
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4. BENCHMARK NUMERICAL EXAMPLES 
In this section the predictive capabilities of the model under tensile and shear loading conditions are 
evaluated and the performance has been validated against some available analytical solutions or 
experimental results. 

Static traction test 
A masonry panel is studied while bringing it up to failure under self-weight, vertical pressure applied on 
the top and prescribed horizontal displacements on lateral sides. The structure is 3m long 0.98m high 
and 0.12m wide in the out of plane direction. Due to symmetry, only half of the model is considered 
under two-dimensional plane strain conditions and the finite element mesh is composed of 15-noded 
elements with a medium mesh configuration. 

 

Figure 2: Geometrical configuration of the wall, Panagoulias et al. (2018) 

The geometrical configuration of the wall is depicted in Figure 2. Table 2 gives the model parameters 
determined after de Felice et al. (2010). Cohesion and tensile strength of the blocks are set to very high 
values to enforce the failure mechanics to be formed along the sliding planes. The tensile strength of 
both sliding planes is determined by the Coulomb failure criterion. An associated plastic flow rule is 
assumed. The unit weight of the structure is assumed as 15 kN/m3, and applied vertical pressure is (q) 
equal to 10.0 kPa. The elastic parameters G and 𝜈 used in the analysis were determined as the average 
of those obtained along two different directions using the homogenization procedure.  

Table 2: Model parameters 

Symbol Value Unit 
γ 15 kN/m3 
G 4.77E5 kN/m2 
𝜈 0.12 - 
Cmc 10.0E6 kN/m2 
phimc, psimc 31 ° 
tensmc 10.0E6 kN/m2 
SFbeta 0.687 - 
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1:alpha1, 1:alpha2 90 ° 
C1, C2 5 kN/m2 
phi1, phi2, psi1, psi2 31 ° 
tens1, tens2 8.32 kN/m2 
2:alpha1, 2:alpha2 0 ° 

 

The bottom boundary is set to normally fixed and a medium mesh is used. The modelling sequence is as 
follows: self-weight of the structure is activated using the K0 procedure, followed by a plastic calculation 
in Phase 1 activating the vertical load. In the second phase the lateral displacement is activated, which 
leads to failure of the structure.  

Output: The resulting traction obtained by the numerical analysis using the Masonry model is equal to 
25.3 N/m. This is comparable with the analytical solution provided by Equation 12 (de Felice et al. 2010) 

𝑇 =  𝐻
𝑐

tan 𝜑
+  

𝑐𝑆𝐹

tan 𝜑
+ 𝛾𝐻

𝑆𝐹

2
+ 𝑞𝑆𝐹  

 

12 

 

Figure 3: Lateral traction against upper edge horizontal displacement 
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Figure 3 illustrates a comparison between the numerical results obtained from the masonry model and 
the analytical solution given by Equation 12. The results indicate good agreement. 

 

Static shear test 
In this example two masonry panels with and without opening are considered. The panels have 
dimensions of 0.99 x 1.0 x 0.1m3 (Figure 4). The opening has dimensions of 0.235 x 0.4 x 0.1m3, and the 
panel consists of wire-cut solid clay brick with dimensions 210 x 52 x 100mm3, Raijmakers and 
Vermeltfoort (1992).  The testing is carried out in the following sequence, in the initial phase self-weight 
of 15.0 kN/m3 is applied followed by applying a vertical pressure of 300.0 kPa. Shear loads are applied as 
prescribed horizontal displacements inhibiting rotation on top. A medium finite element mesh without 
refinements are applied using 15-noded triangular elements for 2D and 10-noded elements in 3D. The 
failure patterns obtained using the Masonry model are compared to a composite interface model 
formulated by Lourenco (1996). 
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Figure 4: Dimensions in millimeters of the panel with and without opening (Panagoulias et al., 2018) 

The model parameters are given in Table 3 (Raijmakers and Vermeltfoort, 1992). The elastic shear 
modulus is determined using a homogenization procedure and the results are in agreement with the 
value used by Pela et al. (2013).  

Table 3: Model parameters determined after Raijmakers and Vermeltfoort (1992) 

Symbol Value Unit 
 15 kN/m3 
G 1.404E6 kN/m2 
𝜈 0.06 - 
Cmc 10.0E6 kN/m2 
phimc, psimc 36.9 ° 
tensmc 10.0E6 kN/m2 
SFbeta 1.514 - 
1:alpha1, 1:alpha2 90 ° 
C1, C2 350 kN/m2 
phi1, phi2, psi1, psi2 36.9 ° 
tens1, tens2 250 kN/m2 
2:alpha1, 2:alpha2 0 ° 

Calculation: The initial phase consists of a K0 calculation by applying the self-weight of the material, 
followed by a plastic calculation applying a vertical load of 300 kN/m2. This load is applied on top of a 
rigid plate with no weight. Wall thickness is extended for 0.1 m in PLAXIS 3D. The bottom boundary is 
fully fixed and the lateral sides at XMin and XMax are set to free both in 2D and 3D. In Phase_2 a line 
displacement of 0.01m is applied on top in 2D and a surface displacement of similar magnitude is 
applied on top of the 3D model. For the shear wall with opening the applied displacements are 
increased to 0.025m. 
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Figure 5: Horizontal reaction force for shear wall tests without opening

 

Figure 6: Horizontal reaction force for shear wall test with opening 

 

Results: Figure 5 and 6 depict the numerical simulations results with experimental data in terms of 
horizontal force to displacements curves.  The results are in agreement. The formulation of the masonry 
model does not take into account the strength reduction along the joints. Therefore, the model does not 
exhibit strain softening behavior obtained from the experiments. Nevertheless, the model can capture 
the ultimate strength of the structure in a reasonably accurate manner. In Figure 7(a) the failure pattern 
at a displacement of 25mm of Lourenco’s interface model is compared to the total cartesian strains in X 
direction in PLAXIS 2D.  
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Figure 7: Comparison of failure patterns at final stage (a) Composite interface model Lourenco (1996) 
and Total cartesian strain in the Masonry model 

 

 

 

 

 

 

 

 

 

 

 

Tilting test 
In this experiment, a masonry wall fully fixed at its base and subjected to its weight and a horizontal 
force proportional to its weight is considered.  The wall is analyzed for different values of aspect ratio 
defined as height of the wall to length of the wall which varies from 1 to 3.  The ratio between horizontal 
and vertical components of the body forces is defined as  𝜆. Two types of wall textures are considered as 
shown in Figure 8.  
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Texture A 

 
Texture B 

Figure 8: Geometric characteristics of blocks and masonry walls 

Table 4: Aspect ratios considered for the masonry wall simulation 

𝜌 1 1.5 2 2.5 3 
L x H 4 x 4 3.27 x 4.9 2.83 x 5.66 2.53 x 6.32 2.31 x 6.93 

 

Model Parameters used for the simulation are the same as those used in the static traction test, except 
for the cohesion parameter which is set to zero. A very fine mesh is used for the calculation. 

Table 5: Model parameters for Texture A and B 

Symbol Texture A Texture B Unit 
γ 15  kN/m3 
G 5.11E5 4.77E5 kN/m2 
𝜈 0.12  - 
Cmc 10.0E6  kN/m2 
phimc, psimc 31  ° 
tensmc 10.0E6  kN/m2 
SFbeta 1.37 0.687 - 
1:alpha1, 1:alpha2 90  ° 
C1, C2 0  kN/m2 
phi1, phi2, psi1, psi2 31  ° 
tens1, tens2 8.32  kN/m2 
2:alpha1, 2:alpha2 0  ° 

The initial phase is a K0 calculation in which the vertical stresses are activated. This is followed by a 
plastic phase in which a pseudo-static acceleration of -1g in horizontal direction is activated. The lateral 
sides of the model are set to free and the bottom boundary is fully fixed. The SumMstage at which the 
simulation fails is observed.  
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Figure 9: Texture A 

Results are shown in Figure 9 and  Figure 10 as 𝜆 − 𝜌 plots for Texture A and Texture B respectively. The 
plots also depict the analytical solution proposed by de Buhan et al. (1997) which provide an upper 
bound estimate of the 𝜆 value at failure as well as the results from the constitutive model proposed by 
de Felice et al (2010) implemented in Abaqus. The slenderness of the wall strongly affects the results, 
and with increase in slenderness ratio there is a decrease in 𝜆. From the figures it can be observed that 
the results are in agreement with the model proposed by de Felice et al (2010) implemented in Abaqus. 

 

Figure 10: Texture B 

Diagonal Compression Test 
The shear strength developed in a masonry wall can be estimated by a Diagonal compression test. In this 
test a compressive force is gradually applied along the diagonal end of the specimen and the in-plane 
behavior of the masonry wall panel is studied. In a diagonal compression test, all sides of the wall are 
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free from any kind of constraints except the two diagonal corners of the masonry where the loads are 
applied. The out of plane direction is set to fixed for all sides. 

The specimen dimensions are 122x122x48 cm3, the individual block sizes have an aspect ratio b/a = 3, 
where a and b are the height and base of the blocks, respectively. A displacement-controlled test is 
conducted where a displacement of 20 mm orthogonal to the upper steel shoe was applied in 18 steps. 
The diagonal load was transferred to the specimen through the steel elements placed on the two 
diagonally opposite corners of the panel, it is modelled as elastic material. In the experiments, strains 
are calculated based on the measurements carried out with reference to four points placed along the 
two diagonals. 

 

Figure 11: Model geometry 

Model parameters are as shown in Table 6 are based on Borri et al. (2004). Weight of the material is 
obtained from Table C8A.2.1 of the Italian code NTC. Loading beams are of dimensions 145x170x145 
mm based on Linear Elastic material having no weight and very high stiffness.  

Table 6: Material parameters 

Symbol Texture A Unit 
γ 19 kN/m3 
G 20E3 kN/m2 
𝜈 0.25 - 
Cmc 10.0E6 kN/m2 
phimc, psimc 32 ° 
tensmc 10.0E6 kN/m2 
SFbeta 0.94 - 
1:alpha1, 1:alpha2 90 ° 
C1, C2 55 kN/m2 
phi1, phi2, psi1, psi2 32 ° 
tens1, tens2 60 kN/m2 
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2:alpha1, 2:alpha2 0 ° 
 

The K0 procedure is used to initialize the stresses, followed by a nil plastic phase. Diagonal loading is 
activated in Phase_2 by activating the displacements perpendicular to top right loading beam. Initial 5 
mm displacements are applied in 10 stages and subsequent 15 mm are applied in 8 stages. Boundary 
conditions are set to free along vertical and lateral directions except for the bottom left loading beam 
which is fully fixed. Furthermore, out of plane movements are also fully fixed. Shear load-strain results 
Figure 12 are compared with experimental 𝜏 −  𝛾 curves obtained, and the results are in good 
agreement. 

 

 

Figure 12:  Comparison of experimental results to model simulations (THIS FIGURE NEEDS TO BE 
UPDATED BASED ON THE RESULTS  FROM SAPIENZA UNIVERSITY) 

5. PRACTICAL APPLICATION 
A practical application of the masonry model is presented in which a masonry structure is subjected to 
seismic excitation and the response is studied via the masonry model (Panagoulias et al., 2018). The 
shallow-founded masonry structure in question is located in Groningen, The Netherlands. The soil 
profile at a specific location between Loppersum and Huizinge is adopted and the soil properties are 
determined based on the available geotechnical data. Clayey soil layers are modelled using the 
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Generalised Hardening Soil (GHS) model and sandy soils prone to liquefaction are modelled using the 
PM4Sand model.  

Soil characteristics for the location are collected from the available CPT and bore hole logs available at 
DINIloket (https://www.dinoloket.nl). To model the soil behavior under dynamic loading, the 
Generalized Hardening Soil model (GHS), which can exhibit hysteretic damping, and the PM4Sand model 
(Boulanger and Ziotopoulou, 2017), which is well known for liquefaction modelling in sandy soils, are 
employed. Table 7 summarizes the adopted soil parameters based on Bommer et al. (2017) and Lunne 
et al. (1997). 

 

 
 
 

 
Figure 13: Model geometry 

The elastic response spectrum and peak ground acceleration (PGA) was obtained by using data from the 

NEN web tool (http://seismischekrachten.nen.nl/webtool.php) in accordance with NPR 

9998:2017, at the vicinity of the location. A horizontal in-plane seismic excitation is used, with a lower 
PGA value, equal to 0.1 g (return period of 95 years), to study the response of the super structure under 
non-liquefaction conditions.  

 

 

 

Table 7: Model parameters for GHS and PM4Sand models 

Parameters Symbol Unit  C1 C2 C3 S1 S2 S3 
Secant stiffness 𝐸  kN/m2 1.9E3 2.4E3 16.3E3 - - - 
Tangent stiffness 𝐸  kN/m2 1.5E3 1.9E3 13.0E3 - - - 
Un/re-loading stiffness 𝐸  kN/m2 5.7E3 7.2E3 48.9E3 - - - 
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Power  m - 0.8 0.85 0.8 - - - 
Effective cohesion 𝑐  kN/m2 3.0 7.0 19.0 - - - 
Effective friction angle 𝜑′ ° 22.0 25.0 29.0 - - - 
Dilatancy angle 𝜓 ° 0 0 0 - - - 
Threshold shear strain 𝛾 .  - 0.4E-3 0.4E-3 0.8E-3 - - - 
Small-strain shear 𝐺  kN/m2 37.0E3 40.0E3 68.0E3 - - - 
Poisson’s ratio 𝜐  - 0.2 0.2 0.2 - - - 
Reference stress pref kN/m2 100 100 100 - - - 
Failure ratio Rf - 0.9 0.9 0.9 - - - 
Tensile strength 𝜎  kN/m2 0.0 0.0 0.0 - - - 
Apparent relative density DR0 - - - - 0.5 0.85 0.5 
Shear modulus coefficient G0 -    - - - 670 1830 1160 
Contraction rate parameter hp0 - - - - 0.5 0.9 0.22 
Lateral stress ratio K0 - 0.5 0.5 1.1 0.5 1.0 1.0 

 

For the present case study, a typical Dutch residence house made of unreinforced masonry is employed. 
The layout of the building is selected (after Michalaki (2015)). The mechanical parameters of the brick 
masonry are chosen assuming poor quality brickwork considering construction before 1945 (NPR 
9998:2017). The Masonry model parameters are determined following the homogenization procedure 
explained in section 2. The model parameters used for the analysis are presented in Table 8 

Table 8: Model parameters 

Symbol URM Unit 
γ 18.6 kN/m3 
G 0.89E5 kN/m2 
𝜈 0.21 - 
Cmc 1649 kN/m2 
phimc, psimc 24.2 ° 
tensmc 3664 kN/m2 
SFbeta 0.75 - 
1:alpha1, 1:alpha2 90 ° 
C1, C2 180 kN/m2 
phi1, phi2, psi1, psi2 31 ° 
tens1 21 kN/m2 
tens2 60 kN/m2 
2:alpha1, 2:alpha2 0 ° 

 

The Rayleigh damping coefficients 𝛼  and 𝛽  for the masonry structure are equal to 0.5712 and 1.447E-
3 respectively, such that 5% damping (according to NPR 9998:2017) corresponds to target frequencies of 
11.0 Hz and 10.0 Hz. Distributed loads of 9.0 kN/m (CEN, 2002) are modelled via zero stiffness beams at 
the level of the first and second floor as shown in Figure 13. A shallow founded building is assumed, and 
a concrete slab is modelled via a linear elastic, non-porous material, up to 0.5 meters below ground 
surface.  The water table is assumed to be at ground level. The liquefaction potential is examined for 
this project analytically and numerically, and it is found that liquefaction is not likely to occur under 
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studied conditions (Panagoulias et al., 2018). The initiation of stresses is simulated using drained analysis 
and undrained dynamic analysis is adopted for seismic simulation.  

 

Figure 14: Input motion 

A very fine mesh is used, and the mesh is further refined in and around the masonry building. Free field 
boundary conditions are adopted for the lateral sides, which are extended to 90.0 m from the model 
centerline to minimize wave reflections. Complaint base boundary conditions are adopted for the 
bottom boundary. Figure 13 illustrates the part of the model focusing on the vicinity of the structure. 
The dynamic calculation was performed in 2000 steps with 10 sub steps using the undamped Newmark 
implicit time integration scheme for a time period of 10 s. 

 

Figure 15: Stress points at failure throughout the dynamic analysis 

 

The damage of the structure is depicted through total deviatoric strains at peak deviatoric strains 
demand (2.765 s) (Figure 15 and Figure 16), t The maximum values are concentrated close to the 
openings of the second floor. Figure 15 shows the failure stress points in the model throughout the 
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analysis. Even though a conservative approach resulting in lower values of material strength and 
stiffness was adopted, the masonry underwent limited damage under the simulated earthquake 
scenario. The observed failure stress points and total deviatoric strains indicate that a failure mechanism 
has not been fully developed and the structure stays intact and safe.  

 

 
 

Figure 16: Total deviatoric strain at the peak deviatoric strains demand 

The Masonry model will sufficiently capture the structural response until which the failure strength is 
reached as indicated by experimental comparisons in the previous sections. In the present study the 
superstructure is only subjected to limited overall damage with no indication of fully developed failure 
mechanism, thus the numerical results from the analysis are credible.  
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6. CONCLUSION 
 

The Masonry model is an anisotropic elastic perfectly plastic constitutive model in which plasticity can 
occur on two directions, which are parallel to the head joints and the bed joints, respectively. This new 
model is a modified version of the anisotropic Jointed Rock model implemented as a user defined model 
in PLAXIS. The original Jointed Rock model is still valid for the bed joint direction; however, some 
constitutive modifications were made along the head joint direction to enhance the strength due to 
interlocking effects of the brick masonry along that plane. This strength enhancement corresponds to 
stresses acting perpendicular to the bed joint as well as geometrical and mechanical properties of the 
blocks and joints according to Equations 1 and 2.  

The capabilities of the model have been validated using experimental and analytical results. The model 
can predict shear and tensile strength of the masonry structures and failure patterns reasonably well. It 
is also demonstrated that the model can adequately reproduce the interlocking mechanism which is 
developed between masonry blocks during loading. A practical application of the model is demonstrated 
in which the model is used to analyze earthquake loading on an unreinforced masonry structure. The 
Masonry model is used in combination with other advanced soil models that can predict hysteretic 
damping and liquefaction. This shows the capability and robustness of the model to be used in complex 
loading situations. The results of the analysis show that the superstructure remains in good condition 
under the presumed soil and seismic conditions. 
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