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This paper presents the numerical analyses aimed at investigating the effect of correlated random fields properties - 
such as elastic modulus, compression resistance, and deformation at peak compression - of masonry brick units on 
the in-plane behavior of Unreinforced Masonry (URM) wall using a finite element model (FEM). Non-linear 
analyses are developed by applying an in-plane horizontal displacement load and iteratively changing the correlated 
random field material properties of the wall's masonry brick units while keeping the value of the vertical 
compression stress applied on the wall constant. Firstly, the random field model's reliability is verified by comparing 
it with an established deterministic model and a documented experimental test result from the literature. The same 
model is then used to investigate the influence of uncertainties of the material properties of brick units on the global 
behavior of the URM wall. The random field numerical analysis results show the considerable effect of the spatially 
varying material properties of masonry brick units on the macro performance of the masonry wall in terms of 
ultimate strength and failure modes. The results also demonstrate the influence of the cross-correlation between the 
random fields of masonry brick unit elastic modulus, compression resistance, and tensile resistance on the global 
behavior of the wall. 
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1. Introduction 

Unreinforced masonry (URM) structures are 
composite and complex systems made from units 
such as clay bricks, stones, and other natural 
materials, along with mortar. The capacity and 
behavior of URM structures are largely 
influenced by several factors, including the 
intrinsic characteristics of the URM itself, the 
quality of workmanship (such as bond patterns 
and overall construction quality), aging, previous 
interventions, and the mechanical properties of 
the constituent materials (units and mortar). 
(Malomo, DeJong, and Penna 2021; Pulatsu, 
Bretas, and Lourenco 2016; Napolitano and Glisic 
2019; Pulatsu, Gencer, and Erdogmus 2022). 
These variations (both at the time of construction 
and throughout the URM lifetime) result in a 
structural system subject to high spatial 
variability, thereby influencing the global 
mechanical response of the system, such as 
overall force-displacement behavior and ultimate 
load resistance capacity. In recent times, 
researchers have explored the spatial variation of 

unit and mortar joint properties in the 
computational modeling of masonry walls, 
examining the extent to which these variations 
affect the results (Gonen et al. 2022; 2021; 
Gooch, Masia, and Stewart 2021; Li et al. 2016; 
Tabbakhha and Deodatis 2017). These studies 
primarily focus on the variation in material 
properties between units, with particular 
emphasis on the mortar and brick/mortar joint 
interfaces. However, in URM structures, the 
mechanical properties of the units and mortar vary 
significantly, especially in traditional hand-made 
brick, stone, and other forms of natural masonry 
(Gonen et al. 2022; Gonen and Soyoz 2021; 
Makoond et al. 2020; Owoeye et al. 2024; Stewart 
and Heffler 2008). 
Building on this foundation, this present study 
aims to specifically investigate the effect of 
correlated random fields properties - such as 
elastic modulus, , compression resistance, , 
tension resistance,  and deformation at peak 
compression,  - of masonry brick units on 
the in-plane behavior of URM walls. This 
investigation employs an optimized three-

2977



2978 Proc. of the 35th European Safety and Reliability & the 33rd Society for Risk Analysis Europe Conference

dimensional (3D) finite element model (FEM) 
built in CAST3M (CAST3M 2023) and random 
field theory, which are considered more realistic 
for addressing a wide range of structural 
engineering problems by accommodating the 
complex, multidimensional, and multivariate 
nature of randomly varying material properties 
and characteristics (Vanmarcke et al. 1986). The 
study draws upon the extensive experimental 
research conducted by Tarifa (2023). 
The following sections discuss the numerical 
modeling approach, material properties, random 
field model, model validation, mesh sensitivity 
analysis, simulation examples and discussion, and 
relevant conclusions derived from the study.  

2. Numerical Modeling 

This section describes a 3D nonlinear FEM of a 
masonry brick wall, with dimensions closely 
matching those tested by Tarifa (2023). The 
ENDO3D material behavioral model of 
FLUENDO3D (Sellier 2018), incorporated 
within the CAST3M finite element (FE) software 
environment, was adopted. The CAST3M FE 
software was used because it allows for 
incorporating Python-simulated correlated 
random field material properties for FE analysis. 
Using a 3D micro-modeling strategy, the bricks 
and mortar joints were represented as nonlinear 
elastic viscoplastic continuum cube elements 
(element type CUB8). Within the FE model, the 
components of the masonry wall are classified 
into four categories (Fig. 1): half brick (0.2m  
0.2m  0.051m), full brick (0.42m  0.2m  
0.051m), head mortar (0.02m  0.2m  0.051m), 
and bed mortar (0.44m  0.2m  0.017m). 

 
Fig. 1: Model wall components. 

Three nodal discretization configurations that 
included all the wall components were examined 
to optimize the FE model's mesh refinement and 
density. Fig. 2 presents the discretized 
components of each model category, designated 
as M1, M2, and M3, and their respective 
discretization in parenthesis. The dimension of 

the FE wall model is 1.32m  0.2m  1.38m (Fig. 
3). 

  
Full Brick (21  6  3) Half Brick (10  6  3) 

  
Bed Mortar (22  6  1) Head Mortar (10  1  3) 

(a) M1 component discretization 

  
Full Brick (21  6  1) Half Brick (10  6  1) 

  
Bed Mortar (22  6  1) Head Mortar (10  1  1) 

(b) M2 component discretization 

  
Full Brick (21  4  1) Half Brick (10  4  1) 

  
Bed Mortar (22  4  1) Head Mortar (10  1  1) 

(c) M3 component discretization 

Fig. 2: Model components discretization. 

A perfect adhesion was assumed at the 
mortar/brick unit interface to simplify the model 
and reduce its computational cost. To mimic a 
monotonic combined in-plane compression-shear 
behavior (Fig. 3), an equivalent of a constant 
70kN imposed vertical compression load is 
applied on the top surface of the masonry wall 
model. Additionally, an incremental in-plane 
horizontal displacement load is applied to the top 
right edge of the wall at a load step of 0.01 
(equivalent to 0.00008m horizontal displacement) 
for a total of 0.008m horizontal in-plane 
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displacement (a significant displacement above 
the observable decrease in the magnitude of the 
experimental applied in-plane load (Tarifa 
2023)). 

 

Fig. 3: Illustration of a monotonic combined in-
plane compression-shear test setup. 

3. Material Properties 

The present study is built upon the research 
conducted by Tarifa (2023), specifically for the 
URM, URM components and ENDO3D material 
behavioral model requirement. The research 
involves a series of laboratory tests that include a 
monotonic combined in-plane compression-shear 
laboratory test on an URM brick wall with 
dimensions 1.32m  0.2m  1.38m, compression 
and bending tests on mortar and bricks samples 
for ENDO3D behavioral model and material 
property characterization. The URM masonry 
wall was built using terracotta bricks like those 
commonly used for historic buildings in 
Toulouse. The laboratory tests and results have 
been extensively documented by Tarifa (2023), 
and they are not the focus of this study. However, 
all the necessary information required for the 
FEM of an URM wall is presented herein. Table 1 
presents the mechanical properties use for the 
ENDO3D FEM, taken from Tarifa (2023). Note 
that the parameters presented in Table 1 are brick 
and mortar parameters required for the random 
field FEM. Only the material properties with 
define Coefficient of Variation (COV) in Table 1 
(i.e., elastic modulus, , compression resistance, 

, tension resistance,  and deformation at 
peak compression, ) were assumed to be 
defined by random field, while all other 
parameters remain constant. The unit brick 
deformation at peak tension was assumed to be 

, while that of the mortar was 

assumed to follow the relationship, 

. 

Table 1: ENDO3D FEM mechanical properties 
(Tarifa 2023). 

Material Property Unit Mean 
Value 

COV 

Brick Elastic 
modulus,  

MPa 7600 21 

 Tensile 
strength,  

MPa 1.000 22 

 Compressive 
strength,  

MPa 13.72 23 

 Poisson ratio, 
 

- 0.150 - 

 Deformation at 
peak 
compression, 

 

- 0.003 33 

 Drucker 
Prager 
confinement 
coefficient 

- 0.0025 - 

     
Mortar Elastic 

modulus,  
MPa 2000 - 

 Tensile 
strength,  

MPa 0.02 - 

 Compressive 
strength,  

MPa 1.300 - 

 Poisson ratio - 0.262 - 
 Deformation at 

peak 
compression, 

 

- 0.0032 - 

 Drucker 
Prager 
confinement 
coefficient 

- 0.38 - 

4. Random Field Material Property Model, 
Cross-Correlation and Simulation 

Random field theory was used to describe the 
spatial variability inherent in the properties (i.e., 
elastic modulus, , compression resistance, , 
tension resistance,  and deformation at peak 
compression, ) of the FEM model’s unit 
bricks. All random fields material properties used 
for the FEM are assumed to follow a Lognormal 
distribution generated according to Eq. (1). 
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(1) 

Where  is the spatially varied random material 
property ,   and  are, respectively, the 

mean and standard deviation of  in the normal 
space.  is assumed to be a standardized 
Rational Quadratic (RQ) autocorrelation function 
in Gaussian space with a unit variance, defined as 
in Eq. (2). 

(2) 

, is the spatial location (nodes) within the 
domain of the field defined by the geometry of the 
component,  is lag distance and , is the 
length scale parameter which controls how 
quickly the correlation between points decreases 
with distance (Duvenaud 2014; Hristopulos and 
Žukovič 2011). The RQ autocorrelation function 
was employed to define the random fields due to 
its efficient solution capability, which is 
particularly effective for interpolating smooth 
functions over domains where fine-scale 
variations are significant (Duvenaud 2014). If the 
parameters  and  , respectively, denote the 

mean and standard deviation of  and the 

coefficient of variation (COV) is , then, 

, .  

4.1. Cross-Correlated Random fields and 
simulation 
If there are  cross correlated 
random fields within the domain, and the random 
fields share identical standardized autocorrelation 

function , where  is the cross-
correlation matrix; then according to 
Vořechovský (2008),  could be expanded as 
in Eq. (3). 

(3) 

Where  and  are the  non-trivial eigenvalues 
(arranged in descending order) and corresponding 
eigenfunctions from a spectral decomposition of 

 and 
 is a set of jointly 

distributed independent random vectors which is 
estimated as; 

(4) 

Where; , 

,  is 
a  identity matrix, and the values , and  

are the components eigenfunctions 

, and eigenvalues 

 obtained from the 
spectra decomposition of the cross-correlation 
matrix , and  is a independent 
standard random variable (Vořechovský 2008). 
The procedure of simulating the cross-correlated 
random field material properties at the nodes of 
each component category of the URM wall could 
be easily implemented in Python (Rossum, 
Guido, and Drake 2009) along with its scientific 
libraries using the material properties and their 

uncertainties defined in Table 1,  and . Two 
distinct cross-correlations were considered (i.e., a 
near perfectly correlated and un-correlated unit 
brick random field material properties) in this 
study for simulating material properties which 
then served as input fields for CAST3M FEM and 
analysis. 

5. Model Validation and Mesh Sensitivity 
Analysis 

To validate the model and evaluate the FEMs 
mesh refinement, a near deterministic model was 
used by initially setting the Coefficient of 
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Variations (COV) for all the random fields 
material properties to  and a near perfect 
cross correlation, , that is 

, between the properties, was 

considered. Note that the correlation between  
and  is , between  and  is 

, between  and  is  and vis-
versa. 
Presented in Fig. 4 is the in-plane force 
displacement curves from the experimental data 
and the near deterministic models constructed 
from the component discretization (M1, M2, and 
M3) in  Fig. 2 

 

Fig. 4: In-plane force displacement curves from 
experimental data and model M1, M2 and M3 for 

, and all COV = . 

The experimental data revealed two distinct pre-
peak slope segments (i.e., between 0 - 0.05MN 
and 0.05 - 0.26MN). All the near-deterministic 
models aligned with the first segment, while there 
was an obvious difference between the 
experimental data and the models in the second 
segment. The difference observed in the second 
segment is due to the assumption of a perfect bond 
between the mortar/brick interface. The same 
assumption is responsible for the difference in the 
post-peak slope of the models and experimental 
data. Also, it was observed that the finer mesh 
models, M1 and M2 accurately predict the 
experiment’s peak load and corresponding 
displacement. Therefore, the optimal model, M2 

with analysis duration of six-minute will be 
adopted for evaluating the effect of random 
spatial variability in masonry bricks unit material 
properties on the structural performance of the 
URM walls. 
In addition, like the URM wall tested by Tarifa 
(2023), all the wall model configurations failed in 
diagonal shear as shown in Fig. 5, for Model M2 
tensile damage (scaled 0 – 1: 0 = no damage, 1 = 
total damage). 

 

Fig. 5: Model M1 tensile damage,  

Once the applicability of the model was 
established, a series of correlated and 
uncorrelated unit brick random spatial material 
properties were generated using Python script, 
and the effect on the global in-plane response of 
the URM wall was investigated. 

6. Effect of Correlated and Un-Correlated 
Unit Brick Material Property on URM 
Response 

To investigate the effect of random spatial 
variability in masonry bricks unit material 
properties on the structural performance of URM 
wall using the proposed model, two distinct COV 
classes were considered; that is using the COV as 
presented in Table 1 for ,  , and  
as COV1, and COV2 = (42, 44, 46, 33) for , 

 , and  coefficient of variations 
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respectively. COV2 is a multiple of COV1 except 
for the COV of . These two classes of COVs 
were then used to simulate correlated and 
uncorrelated unit brick random fields material 
properties using a near perfect cross-correlation 
and un-correlated cross-correlation respectively. 
The near perfect cross correlation is defined as, 

, and 

 is the un-correlated cross-

correlation. 
It is important to note that in the cross-correlation 
matrix , the deformation at peak compression, 

 was assumed to be uncorrelated to either of 
, , and . 

Presented in Fig. 6 are the stochastic responses of 
the URM wall FEM to seventy-five (75) 
simulated input random field material properties 
of the unit bricks, combining each COV and cross 
correlations. Meanwhile, Fig. 7 presents the Mean 
of each stochastic response, the experimental 
data, and the previously computed near-
deterministic data. 
As can be seen in Fig. 6, the stochastic response 
suggests that an increase in the COV of unit brick 
material properties significantly increases the 
variation in the in-plane force-displacement 
response of the wall and leads to less reliable 
prediction of the experimental test result. This is 
evident in Fig. 7, where the peak in-plane 
displacement response and corresponding 
displacement for the correlated and un-correlated 
mean stochastic responses using COV2 are lower 
than that of COV1, experimental test, and the near 
deterministic result. 
Furthermore, the effect of considering cross-
correlation between unit brick material properties 
is more obvious with the higher COV, that is, 

 
(a) Correlated Brick Properties (COV1 & C1) 

 
(b) Un-Correlated Brick Properties (COV1 & C2) 

 
(c) Correlated Brick Properties (COV2 & C1) 

 
(d) Un-Correlated Brick Properties (COV2 & C2) 

Fig. 6: Stochastic response of URM wall to 
input random field material properties of unit 
bricks 
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COV2. However, with the lower COV, that is, 
COV1, the mean stochastic responses for both 
correlated (CorrelatedMean (COV1 & C1)) and 
uncorrelated (UnorrelatedMean (COV1 & C2)) 
are undistinguishable (Fig. 7). 

 

Fig. 7: Stochastic means in-plane force 
displacement curves. 

7. Conclusion 

URM structures are complex systems that require 
extensive experimental and analytical research to 
achieve a deeper understanding of their behavior. 
This study presents the effect of considering the 
correlation between the random field material 
properties of a masonry brick unit on the global 
behavior of the URM structure. 
The main conclusions of the study can be 
summarized as follows: 
Using random fields to describe the material 
properties of URM wall unit bricks provides a 
stochastic result (i.e., Ultimate horizontal 
resistance strength and corresponding 
displacement), which can be used for further 
reliability assessment of the wall. 
The correlation between the unit brick random 
fields material properties has little or no effect on 
the mean stochastic results. The effect is more 
pronounced when the COV of the material 
properties within each brick unit increases to 
above 45%. 
The investigation also suggests that the lower the 
COV of unit bricks' material properties, the lower 
the variation in the force-displacement capacity 
and the closer the numerical models are to the 
experimental finding. 
The present study will be extended to investigate 
the effect of mortar joints random material 
properties, the combined effect of mortar joints 

and unit brick random material properties on the 
structural response of URM, and stochastic 
reliability study in the future. 
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