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Summary. This paper proposes a framework for implementing rational digital twins for the
structural integrity historic masonry structures by examining the competitiveness and
reliability of various computational strategies. To this end, the structural behaviour of an
unreinforced masonry pier-spandrel system is analysed using the discrete element method and
reduced discrete rigid block analysis. Additionally, the finite element method, in which masonry
is modelled as a homogeneous continuum incorporating continuum discretisation with a
plasticity-based damage model, is also considered. Analytical approaches based on limit
analysis, including both micro and macro-LA, are hence explored. Comparisons among the
computational modelling strategies are performed by analysing computational efficiency and
the accuracy of the response measures predicted.

1 INTRODUCTION

Structural integrity protection of Built Cultural Heritage (BCH) poses challenges that
demand innovative approaches [1]. Computational modelling is a crucial component of the
Digital Twin (DT) paradigm, which has emerged as a promising concept across industries,
enabling real-time monitoring, predictive maintenance, and improved decision-making. A DT
is a digital replica of a physical asset, simulating performance under various conditions [2], [3].
DT concept is domain-specific, with varying definitions depending on field requirements. In
BCH conservation and related fields, developing DTs is costly due to the need for high-
precision data, significant computational resources, and complex modelling while also
considering the intangible cultural value of the assets, necessitating a balance between model
accuracy and economic feasibility [4].

This paper proposes a DT framework tailored for BCH conservation (Section 2), featuring a
non-continuous updating strategy triggered by significant changes in the asset's condition to
optimise resource use. The framework aims to predict unreinforced masonry (URM) structures'
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structural performance, balance model accuracy with cost-effectiveness, and provide a
structured approach for BCH conservation, respecting historical and practical conservation
constraints. This manuscript focuses on the first steps of the proposed methodology (Sections
3-4) and critically discusses their outcomes (Section 5).

2 STRUCTURAL MODEL UPDATING FRAMEWORK FOR HERITAGE
BUILDINGS

Creating accurate structural models of heritage structures is costly and computationally
intensive. This study proposes a DT framework, theoretically introduced by Vuoto et al. in [5],
to predict BCH structural performance by optimising the trade-off between model reliability
and associated costs. The process of assessing the structural performance of URM structures
involves i) inspection and diagnosis phase to achieve a certain Level of Information (Lol); and
ii) development of a numerical model with a defined Modelling Refinement (MR). The goal of
the proposed framework is to find an optimal combination of Lol and MR to achieve accuracy
and computational efficiency by refining the model based on evidence obtained via non-
destructive testing. The development of the framework involves the following steps:

0. Physical Asset (PA) collection information.

1. Digital Assets (DAs) numerical modelling: tuning of MR (see Section 4).

The PA modelling can be performed using different approaches here named as DAs, e.g.
MR1) Discrete Element Modelling (DEM), MR2) Finite Element Modelling (FEM), MR3)
Micro Limit Analysis (Mi-LA), and MR4) Macro Limit Analysis (Ma-LA), each characterised
by a decreasing level of refinement and computational cost.

2. DAs numerical modelling: tuning of Lol.

Different Lols can be achieved and defined according to various data acquisition strategies.
Theoretically, the less testing and information are available, the more inaccuracy of the of
numerical model increases. At this stage, a proper cost analysis should be performed for each
Lol. Each iteration will allow users to work with more data and fewer uncertainties, enabling
them to adopt more refined numerical models.

3. DAs model reliability evaluation.

For each model refinement, the scatter of the response measure must be evaluated. Once the
solution's convergence is achieved, the iterations/refinements can be stopped. A graphical
representation of the proposed framework is presented in [5].

It is worth pointing out that in this paper, we focus only on the comparison of different MRs
to measure model reliability compared to a Simulated Physical Asset, which is described in the
following section.

3 SIMULATED PHYSICAL ASSET

A pier-spandrel system tested under in-plane lateral loading by Augenti et al. [6], [7] was
selected. This system (Figure 1) served as the PA for creating its digital counterpart. A
Simulated Physical Asset (SPA) was built and used as a benchmark model. In the following
section of the manuscript, we will refer to the SPA as a representative of the PA to compare the
performance of the other DAs.

A numerical approach using discontinuum-based modelling, labelled Discrete Rigid Block
Analysis (D-RBA), was employed to develop the SPA [8] (Figure 1 (a,b)). It uses geometrical



A.Vuoto, M. F. Funari, S. Szab6, B. Pulatsu and P. B. Lourenco

properties from the experimental test (Figure 1 (a)), and mechanical properties based on
mechanical tests performed by Augenti and Parisi [9], [10]. The SPA model's parameters are
listed in Table 1 and they represent the reference dataset of mechanical properties for all the
numerical approaches (MRs)) employed as follows.

Table 1: Linear and non-linear contact properties (SPA dataset)
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Figure 1: Pier-spandrel system [7]: (a) SPA D-RB model and specimen geometry; (b), (¢) Validation of the
SPA model against the PA (experimental test)

4 COMPUTATIONAL FRAMEWORK

This section details the development of step 1 of the framework. Four modelling techniques
with were used to model the pier-spandrel system: MR1) DEM, MR2) FEM, MR3) Mi-LA, and
MR4) Ma-LA. Sub-grades of refinement were introduced within MR1, MR2, and MR4, as
described in the respective subsections. For each modelling technique, the theoretical
background is briefly outlined.

4.1 Discrete Element Modelling (MR1)

The DEM, first introduced by Cundall [11], [12], [13], models interactions between rigid or
deformable blocks (replicating masonry's discontinuity) using contact stress-displacement
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laws, dynamically updating block velocities and positions until a quasi-static solution is
reached. Different assumptions can be made within the DEM to simplify the complexity of the
computational modelling. In this case, two sub-grades of refinement were introduced within
MR1: MR1.1) Discrete Rigid Block Analysis with No Cracking Surface (D-RBA-NCS), and
MR1.2) Reduced Discrete Rigid Block Analysis (RD-RBA).

In MR1.1, masonry units are modelled as rigid blocks with zero-thickness mortar joints, with
blocks expanded by half the mortar thickness. Deformations occur only at the joints, and the
equations of motion are integrated using the central difference method. This approach differs
from the D-RBA used for modelling the SPA [8], where each masonry unit comprises two rigid
blocks sharing a potential cracking surface (With Cracking Surface, D-RBA-WCS) (Figure 2
(). In MR1.1, block failure is not accounted for. This simplification reduces the required
mechanical parameters from 25 to 15 (Table 4), also easing the modelling process in 3DEC and
lowering computational demands. While the SPA required the implementation of two distinct
contact surface categories (one for the mortar joints between the blocks, black in Figure 2 (a),
and the other for the potential crack surface within the block, red in Figure 2 (a)), characterised
differently from a mechanical standpoint, MR1.1 only requires the first (Figure 2 (b)).
Characterisation of the contact models used is available in [8] and the properties employed are
analogous to SPA (Table 1) for the masonry part only (subscript M in Table 1).

An alternative to existing macro-block methods within DEM, termed RD-RBA by Pulatsu
et al. [14], is introduced as MR1.2. This approach reduces the computational cost and
complexity of detailed models like D-RBA by using a limited number of rigid macro-blocks to
represent the pier-spandrel system (Figure 2 (c)). The reduced D-RBA calculates the ultimate
lateral load of the pier spandrel system for six predefined kinematic mechanisms [14], [15]
using a Coulomb-slip joint model in shear, requiring cohesion and friction angle, while tensile
strength is not defined. A bilinear behaviour with softening after reaching compression strength
is considered for compression. Mechanical properties assumptions for modelling the RD-RBA
are reported in [14].

potential crack surface

rigid block iiin the masonry ~ MRL1 model - D-RBA-NCS MRI1.2 model - RD-RBA

unit
A

| \—bjoint between
ary the masonry unit
C, £ .Il
it

(a) (®) ©

Figure 2: MR1 — Discrete Element Modelling. (a) Discretisation of the masonry unit in the SPA by introducing
a potential cracking surface (D-RB-WCS model); (b) Detailed Rigid Block with No Cracking Surface (D-RB-
NCS) model compared with (c) Reduced (RD-RBA) modelling
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4.2 Finite Element Modelling (MR2)

The so-called macro-modelling approach is followed, meaning the masonry arrangement is
smeared over a homogeneous material. This is particularly convenient for the analysis of large-
scale structures [16], [17] since it offers the possibility to reproduce the macroscopic masonry
mechanical behaviour through several models, e.g., the smeared crack concrete, the brittle crack
concrete, and the concrete damage plasticity (CDP) models, here adopted. Specifically, CDP
couples plasticity with a scalar-based damage model, and, as it was originally developed for
concrete, an isotropic elastic behaviour is assumed. In the elastic regime, masonry is assumed
to be deformable following an isotropic and linear elastic constitutive (Em = 2.22 GPa and v =
0.22 according to the benchmark values in Table 1). The quasi-brittle nature of masonry is
represented by a linear type of softening in tension. In compression, a plateau exists after the
compressive strength, followed by a linear type of softening. Damage variables are adopted
when softening is active and aim at reducing the initial (undamaged) elastic modulus through
the following equations:

0. = (1—d)Ey(e. — €') (L)

l
o= (1—d)Ey(e — Ef )
Where Ew is the elastic modulus of the undamaged masonry, ai is the current stress; di is the

damage variable, &; is the total strain, and ef Lis the plastic strain. The subscript i reads as c or t
if associated with the compressive or tensile regime, respectively. To account for crushing and
mixed failure modes, the compressive strength and the tensile strength of the units (fip)
complement the characterisation of the uniaxial stress-strain curves, which are detailed in Table
2. Moreover, a non-associative flow rule is employed to consider dilatancy and define the
plastic strain rate, while a multiple-hardening Drucker-Prager type surface is used as the yield
surface (Table 3).

Table 2: Compressive and Tensile stress-strain relationships

Compressive behaviour

Stress [MPa] Inelastic strain  d.
3.96 0 0
3.96 0.008 0
0.1 0.04 0.9
Tensile behaviour

Stress [MPa] Inelastic strain  d.
0.15 0 0
0.01 0.003 0.9

Table 3: Drucker-Prager strength domain parameters

Dilatation angle  Eccentricity fb,0 / fc,0 Kc Viscosity parameter
10° 0.1 1.16 2/3 le-7
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Structural model abstractions that account for the influence of the timber lintel and the
interaction with the foundation led to the definition of three sub-grades within MR2 with a
decreasing refinement: MR2.1) presence of lintel and concrete beams at the base of the piers
(Figure 3 (a)); MR2.2) presence of lintel and absence of concrete beams at the base of the piers
(Figure 3 (b)); MR2.3) absence of lintel and concrete beams at the base of the piers (Figure 3
(c)). Specifically, the timber lintel is modelled as a linear elastic isotropic material with an
elastic modulus of 0.3 GPa, a Poisson's ratio of 0.2, and a density of 500 kg/m3. Additionally,
the contact interfaces between the lintel and masonry, as well as between the structure and
foundation, are modelled using friction-cohesive interfaces to allow potential detachment of the
parts involved in the structural model.
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Figure 3: MR2 — Finite Element Modelling: (a) MR2.1; (b) MR2.2; (c) MR2.3
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The three-dimensional FE model enforces the use of solid elements; therefore, the mesh
discretisation is achieved using 20 nodes C3D20R hexahedral FEs with quadratic interpolation.
Furthermore, appropriate boundary and loading conditions are implemented to perform the
quasi-static analysis structural simulations according to the experimental setup [6], [7]. Figure
3 represents the three considered modelling abstractions and the mesh discretisation adopted.

4.3 Micro Limit Analysis (MR3)

Mi-LA formulation accounts for the unit-by-unit description of the masonry structure with
the introduction of cohesive-frictional interfaces that represent masonry joints (Figure 4 (b)).
In this approach, the masonry structure is composed of an assemblage of undeformable units,
and no block penetration is admissible at the interfaces.
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Figure 4: MR3 — Micro Limit Analysis: (a) Modification of yield function for the non-associative solution; (b)
Masonry wall geometry and interface forces
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In this work, the solution scheme proposed in [18] is adopted, where the sequential solution
of linear programs solves the non-associative limit analysis problem. At each iteration, a linear
program is defined by the following equation:

Maximise A
Subjectto Bq —Af;, =fp
C'[q—c]l<0 (2)

Where q is the vector of unknown contact forces, fLand fp are the live and dead loads, c is
the cohesion vector, B and C are the equilibrium and yield constraint matrices, respectively.
Finally, 4 is the load factor, whose maximisation is the aim of the static limit analysis theorem.
In the above equation, the two constraints represent the equilibrium of forces and the condition
of interface failure.

To reach the non-associative solution, the yield conditions are updated at each iteration
based on the interface normal forces at the previous iterations (Figure 4 (a)):

vi,j < Ci +«a - Ui 'Tll"]'
Cjer =+ A +a)-(B-ny+ A =p) nyq)-tan(epy) )

Where vij, nij and ci; are the shear and normal forces and the cohesion of the i-th interface
at the j-th iteration of the algorithm, while ¢ is the friction angle. Moreover, « and f algorithm
parameters are set to 0.01 and 0.6, respectively. The algorithm procedure is not reported for the
sake of brevity, and the reader can refer to [19].

4.4 Macro Limit Analysis (MR4)

LA remains a practical tool for assessing URM structures. The use of the Lower-Bound (LB)
and Upper-Bound (UB) theorems has been interpreted as sub-grades of refinement within the
LA method. Further sub-grades depend on the assumption of compressive strength (fc).
Therefore, four sub-grades have been considered: MR4.1) UB - finite f;; MR4.2) UB - infinite
fc; MR4.3) LB - finite fc; MR4.4) LB - infinite f.. Computational thrust line analysis (CTLA)
uses the LB theorem. Usually, this approach assumes infinite compressive strength, no tensile
strength, and no shear failure, aiming to find a thrust line fully contained within the structure’s
boundaries to ensure structural equilibrium (MR4.4). However, since masonry has limited
compressive strength, the thrust line cannot be tangent to the boundaries, and the model
assumptions must be adjusted to prevent material crushing (MR4.3). To address this, the thrust
line must maintain a distance (d> tn in Figure 5 (a)) from the external boundaries, calculated
based on the wall's compressive strength and geometry, ensuring structural stability while
avoiding crushing at critical points, as highlighted in [17], where details about the solutions
algorithm are also provided.

On the other hand, the macro-block approach, which uses the UB theorem, can also be
applied to assess the load factor causing the collapse of predefined macro-blocks that interact
via hinges (Figure 5 (b,c)). This can be achieved by using different hypotheses, such as
assuming either infinite (b) or finite (c) compressive strength in masonry. For infinite
compressive strength (MR4.2), hinges form at the corners of piers in contact with the ground,
while finite compressive strength (MRA4.1) requires adjusting hinge positions based on the
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resultant compressive stress. Internal hinges are also considered, accounting for masonry
crushing. Once failure mechanisms and hinge positions are identified, equilibrium is defined
using virtual displacement diagrams and solved for the horizontal force (F). Details about the
solution procedure and algorithm implementation are reported in [14], [15].

200 kN 200 kN 200kN * |200 kN 200 kN: lzoo KN
v v v \

0'8:5‘ )(.f ’ ‘ ( \.(:3 C1 3 c3
(a) MR4.3 - LB, finite fc (b) MR4.2 - UB, infinite f (c) MR4.1 - UB, finite fc

Figure 5: MR4 — Macro Limit Analysis: (a) MR4.3 LB approach with the hypothesis of finite f; (b) UB
approach with the hypothesis of infinite f¢; (c) UB approach with the hypothesis of infinite f. [15]

5 RESULTS AND DISCUSSION

This section presents the outcomes of each computational model and critically compares the
four Modelling Refinements (MRs). In Figure 6, results for MR1 and MR2 correspond to a
lateral displacement of 30 mm, approximately 1% drift, consistent with the experiment.

For MR1, the D-RBA-NCS model (Figure 6, MR1.1) aligns with the experimental test and
SPA results, showing a diagonal tensile crack in the spandrel and piers' rocking mechanism.
However, the MR1.1 model exhibits less ductility compared to SPA, as shown by the horizontal
force-displacement curves in Figure 6 (b) and by modelling assumptions. For RD-RBA (Figure
6, MR1.2), the result related to one of the six mechanisms investigated is shown, representative
of the failure mechanism characterised by damage concentration in the spandrel. No significant
difference in ultimate lateral load is observed across the six collapse mechanisms investigated,
as seen by comparing the minimum and maximum values given in Figure 6 (c) (Coefficient of
Variation = 4%). In MR2 (FEM, Figure 6), more accurate boundary conditions and the inclusion
of a lintel (MR2.1) influence the system's response, modifying both piers' response and spandrel
damage. Although the maximum horizontal load is similar across MR2.1 to MR2.3, ductility
decreases, with lower displacement values corresponding to the maximum horizontal force
(Figure 6 (b)). The Mi-LA approach (Figure 6, MR3) fails to capture the pier-spandrel collapse
mechanism due to the absence of a deformable lintel, and results in a higher maximum lateral
load compared to other methods. Lastly, in Ma-LA, the maximum horizontal loads from LB
and UB agree well, satisfying the uniqueness theorem. The refinement achieved by adopting
the limited compressive strength and modified hinge positions at the spandrel (MR4.1 and
MR4.3), provides a good match with the benchmark results. Comparing horizontal capacity,
MR1 (DEM) is slightly conservative relative to the experimental test, while MR2 (FEM) better
approximates the experimental maximum horizontal load. The infinite compressive strength
assumption in Ma-LA (MR4.2 and MR4.4) and MR3 hypotheses overestimate lateral capacity,
emphasising the importance of considering crushing in this masonry system.
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Figure 6: Outcomes of the four MRs; (a) Collapse mechanisms for MR1, MR2 and MR3; (b) Horizontal force-
displacement curves for PA, SPA, MR1 and MR2; (c) Maximum lateral force for all MRs

Notably, as the MR is refined from more to less detailed, the required Lol decreases—not in
terms of information quality (the mechanical parameters remain consistent with the ‘real’ ones
discarding any mechanical uncertainty) but in quantity (less information is needed for less
refined models). Essentially, elements are progressively removed from the initial SPA dataset
(Table 1) as moving from MR1 to MR4 (Table 4). On the other hand, a reduction of the
outcomes obtainable from the different MRs occurs (Figure 6).

Table 4: Comparison of the parameters needed to implement each modelling approach

BLOCKS MASONRY
En‘Gn|fm Knb|Ksp Cb|¢o,b Dresp Glfb|G”fb Wy | v |Em |Gum|Knj|Ksi|ftj|Corj|Cres.i|® o, resif fe G',|G”, G| tot.
SPA - BM X X X X X X X X X X X X X X X X X X X X X X X X X 25
IMR1.1 - D-RBA-NCS X X X X X X X X X X X X X X X 15
MRL-DEM\iR1.2 - RD-RBA X X X X x X 6
MR2.1 X X X X X X X X 8
MR2 - FEM|MR2.2 X X X X X X X X 8
MR2.3 X X X X X X X X 8
MR3 - Mi-LA X X X X 4
MR4 - Ma-LA X X 2(1)

6 CONCLUSION AND FUTURE WORK

This study proposes a framework for the rational implementation of digital models for
monitoring and accurate prediction of structural performance loss of heritage masonry
structures

The initial steps of the framework have been performed by investigating a structural
benchmark taken from the literature. By implementing various computational approaches, the
framework aims to demonstrate its ability to balance accuracy with computational efficiency.
The numerical results only focus on the differences in computational approaches, highlighting
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that even simplified computational approaches, if properly calibrated, offer competitive results
at a lower computational cost. Future work will involve formulating and solving an optimisation
problem to identify the most effective combination of modelling refinement and level of
information. This will ensure the development of an 'optimal DT' under given scenarios,
enhancing its practical applicability in heritage conservation.
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