(&fﬁwange/' ESREL SRA-E 2025

Proceedings of the 35th European Safety and Reliability & the 33rd Society for Risk Analysis Europe Conference
Edited by Eirik Bjorheim Abrahamsen, Terje Aven, Frederic Bouder, Roger Flage, Marja Yl6nen

©2025 ESREL SRA-E 2025 Organizers. Published by Research Publishing, Singapore.

doi: 10.3850/978-981-94-3281-3_ESREL-SRA-E2025-P5740-cd

The Effect of Random Spatial Variability in Masonry Bricks Unit Material Properties
on the Structural Performance of Unreinforced Masonry Walls

Abayomi Owoeye!, Frederic Duprat?, Thomas de Larrard®, Zakaria Djamai*

1234 Université de Toulouse; INSA, LMDC (Laboratoire Matériaux et Durabilité des Constructions); 135, avenue
de Rangueil; F-31 077 Toulouse Cedex 04, France.
'Owoeve@insa-toulouse.fr, *duprat@insa-toulouse.fr, *delarrar@insa-toulouse.fr, *djamai@insa-toulouse.fr

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.

Keywords: Masonry, Random fields, Uncertainty propagation, Spatial variability, Cross-correlation.

1. Introduction 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

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, DelJong, 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

aims to specifically investigate the effect of
correlated random fields properties - such as
elastic modulus, Ep, compression resistance, RCg,
tension resistance, RTp and deformation at peak
compression, EPCy - of masonry brick units on
the in-plane behavior of URM walls. This
investigation employs an optimized three-
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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 CUBS). Within the FE model, the
components of the masonry wall are classified
into four categories (Fig. 1): half brick (0.2m X
0.2m X 0.051m), full brick (0.42m X 0.2m X
0.051m), head mortar (0.02m X 0.2m X 0.051m),
and bed mortar (0.44m X 0.2m X 0.017m).

Half brick Head Mortar

S

Full brick /

Fig. 1: Model wall components.

Bed Mortar

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

.....’

9

Half Brick (10 X 6 x 3)

Bed Mortar (22 X 6 X 1)  Head Mortar (10 X 1 X 3)
(a) M1 component discretization

Bed Mortar (22 X 6 X 1)  Head Mortar (10 X 1 X 1)
(b) M2 component discretization

Bed Mortar (22 X 4 X 1)
(¢) M3 component discretization

Head Mortar (10 X 1 X 1)

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)).
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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 X 0.2m X 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 wused 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, E, compression resistance,
RCp, tension resistance, RTy and deformation at
peak compression, EPCg) 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

EPTy = REE, while that of the mortar was
B

assumed to follow the relationship, EPT) =

RC
1.3 x =L,
Er

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

Value

Material Property Unit

Brick Elastic MPa 7600 21
modulus, Ep

Tensile MPa
strength, RTp
Compressive MPa
strength, RCy

Poisson ratio, -
Deformation at -
peak

compression,

EPCy

Drucker -
Prager

confinement
coefficient

1.000 22
13.72 23
0.150 -

0.003 33

0.0025 -

Elastic MPa 2000 -
modulus, Ey

Tensile MPa
strength, RTy,
Compressive MPa
strength, RCyy,

Poisson ratio -
Deformation at -
peak

compression,

EPCy

Drucker - 0.38 -
Prager

confinement

coefficient

Mortar
0.02 -
1.300 -

0.262 -
0.0032 -

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, Eg, compression resistance, RCg,
tension resistance, RTp and deformation at peak
compression, EPCg) 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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H; = exp (#N,Hi + JN,HiG(x)) (D

Where H; is the spatially varied random material
property i, Uy .y, and oy g, are, respectively, the
mean and standard deviation of H; in the normal
space. G(x) is assumed to be a standardized
Rational Quadratic (RQ) autocorrelation function
in Gaussian space with a unit variance, defined as
in Eq. (2).

L pa2\ "1
6@ = (1 T % 14a (?) > @)

x, is the spatial location (nodes) within the
domain of the field defined by the geometry of the
component, h is lag distance and r = 1.54, is the
length scale parameter which controls how
quickly the correlation between points decreases
with distance (Duvenaud 2014; Hristopulos and
Zukovi¢ 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 py, and oy, , respectively, denote the
mean and standard deviation of H; and the

. . . . g i
coefficient of variation (COV) is vy, = M—Hl, then,
Hy

2 2
HH; OH;
L N O-N,Hi = |In (1 +TL>.

2 2 .
Hig top, HH;

4.1. Cross-Correlated Random fields and
simulation

If there are Hy, H,, Hj, ...
random fields within the domain, and the random
fields share identical standardized autocorrelation
function G(x), where € € RO s the cross-
correlation  matrix; then  according to
Votechovsky (2008), G (x) could be expanded as
in Eq. (3).

B = In

,H, cross correlated

14
G(x) = ]Z v, \/Za(e) 3)

Where 4; and V; are the p non-trivial eigenvalues
(arranged in descending order) and corresponding
eigenfunctions from a spectral decomposition of
G(x) and §i(0) el =
[[§:]7, [&217, [§5]7, .., [§a]", 1" is a set of jointly
distributed independent random vectors which is
estimated as;

14
£ = ) VoV (4)
:

P11l P11 b1l
Where; P = $a1l @2l Ponl
Gl Pl Pnnl

AP =diag (A1, 2,1, 251, ..., A,I), I € RP*P is

ap X p identity matrix, and the values ¢, ;, and 4;

are the components eigenfunctions Vec® =
P11 P12 7 Pinm
¢2,1 4’2,2 ¢2,n \

, and eigenvalues

¢n,1 ¢n,2 ¢n,n

A€ =diag (A4, 25,13, ..., A,) obtained from the
spectra decomposition of the cross-correlation
matrix C, and ¢ € RP*™ is a (p X n) independent
standard random variable (Votechovsky 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, G (x) 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 1 X 107> and a near perfect

cross correlation, € =0.9, that is C=
[1.0,E_RC,E_EPC,E_RT],
[...,1.0,RC_EPC,RC_RT],| _

[, 1.0,EPC_RT],| —
TR N (]|

[1.0,0.9,0.9,0.9],

[0.9,1.0,0.9,0.9], bet " "
[0.9’0.9,1.0'0.9]’ , between the properties, was

[0.9,0.9,0.9,1.0]

considered. Note that the correlation between Ep
and RCyz is E_RC, between Ep and EPCy is
E_EPC, between Ep and RTy is E_RT 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

Displacement (m)
-0.008 -0.007 -0.006 -0.005 -0.004 -0.003 -0.002 -0.001 0

— -Experiment Data > ol

=== M1(10 minute) /
— =~ M2 (6 minute)
—== M3 (3minute) / o0s
prd
e
Pt =
01 Z
7 7 L =
7 |3 o
A o 8
~ o 0 e
% VG 015 S
7| e
p > it e
S g —— 02
\;\\ Lat™
ol

Fig. 4: In-plane force displacement curves from
experimental data and model M1, M2 and M3 for
€ =09,andall COV=1x 107>

The experimental data revealed two distinct pre-
peak slope segments (i.e., between 0 - 0.05SMN
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).
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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 Ez, RCy RTg, and EPCy
as COVI, and COV2 = (42, 44, 46, 33) for Ej,
RCp RTg, and EPCg coefficient of variations
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respectively. COV2 is a multiple of COV1 except ool == (o simieion
for the COV of EPCy. These two classes of COVs U0
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,
[1.0,E_RC,E_EPC,E_RT],

c1 - |l L0.RC.EPC,RCRT],| _

-0.10

|
9
=
o

In-Plane Displacement Load(MN)
o
9
3

-0.25

[eeienunun., 1.0,EPC_RT], S T T S S
o 0[8 o é"(')us'j. e wee e, 1.0] (a) Correlated Brick Properties (COV1 & C1)
[0.8,1.0,0.2,0.8], S s et
[0.2,0.2,1.0,0.2], | and €z= g0
[0.8,0.8,0.2,1.0] g .
[1.0,E_RC,E_EPC,E_RT],
[...,1.0,RC_EPC,RC_RT],| _ g -oxs
[cov e v, 1L.O,EPC_RT],| — I
[ ce e eeeeee e e e, 1.0] %
[1.0,0.2,0.2,0.2],
{0'2'1'0'0'2'0'2}' is the un-correlated cross- L PRI R T

0.2,0.2,1.0,0.2],
[0.2,0.2,0.2,1.0] Sl—
correlation. = ;;S'm;“"g[
It is important to note that in the cross-correlation
matrix €1, the deformation at peak compression,
EPCg was assumed to be uncorrelated to either of
Eg, RCg, and RTy.
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 (¢) Correlated Brick Properties (COV2 & C1)
data, and the previously computed near- 0.00][— 75 simutatons
deterministic data. == Soermentoma
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 2028
displacement response and  corresponding -—
displacement for the correlated and un-correlated bisplacement{m)
mean stochastic responses using COV2 are lower (d) Un-Correlated Brick Properties (COV2 & C2)
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,

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

-0.05

-0.10

-0.15

-0.20

In-Plane Displacement Load(MN)

-0.25

3 -2 -1 0

iy =7 iy s =
Displacement(m) x107

In-Plane Displacement Load(MN)
s
9
3

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).

0.00 { — CorrelatedMean (COV1 & C1)

—— CorrelatedMean (COV2 & C1)

= UncorrelatedMean (COV1 & C2)

= UncorrelatedMean (COV2 & C2)

——- Experiment Data

-=+ Near Deterministic Data %

I | |
o o =
= I o
o o o

In-Plane Displacement Load(MN)
s
S

-0.25

8 71 6 5 -2 3 5 5 5
Displacement(m) %10~
force

Fig. 7: Stochastic means

displacement curves.

in-plane

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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