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Abstract: This study analyzes the thermo-mechanical behavior of a brick vault and the effect of a fire
on its dynamic characteristics. Based on the results of an experimental test of a real barrel vault with
a net span of 161 cm and a net rise of 46.5 cm, an accurate numerical model to simulate the behavior
of the brick-and-mortar structure under thermo-mechanical stresses has been implemented. The
comparison of the evolution of the displacement in the keystone and the temperatures at various
points of the vault allows us to affirm that the adopted micro-modeling approach presents a good
accuracy and a feasible computational effort. Finally, this study shows, from a numerical point of
view, how the variation in the structure’s eigenfrequencies can be predicted for extreme situations,
such as fire damage. This aspect can be critical to develop effective intervention and prevention
strategies, which can be useful for the preservation of our valuable cultural and historic resources.
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1. Introduction

From ancient buildings to contemporary infrastructure such as bridges and tunnels,
masonry structures have been used for centuries in many different forms of construction.
The complex characteristics of masonry buildings make it difficult to predict their response
to load scenarios.

The problem of the thermo-mechanical response of masonry construction under fire
situations is particularly relevant for existing buildings. Around the Mediterranean basin,
and especially in Italy, masonry represents the most widespread building material, certainly
the prevalent one for historical structures.

As an example, in Italy, a country with one of the most relevant historical /architectural
heritages in Europe, out of more than twelve million residential buildings, about seven
million are made of load-bearing masonry (ISTAT 2011 census [1]). These data can be
combined with statistics on the number and type of interventions carried out by the fire
brigades, according to which in 2021 about 30 percent of the calls received were related
to fires and explosions; of this 30 percent, it can also be noted that about 15 percent were
related to fires or explosions in apartments or living quarters, thus testifying to a certain
vulnerability of the built environment to the phenomenon [2]. The problem of fire in masonry
structures is a matter of structural integrity, and at the same time, of heritage preservation,
as many of these buildings are an integral part of the historic fabric of the regions in which
they are located. The challenge is compounded by the dual need to protect life and preserve
the architectural heritage encoded in these structures. The Italian government has shown
serious interest in both prevention and preservation and conservation. In fact, Budget Law
No. 145/2018 [3] approved the obligation to adapt the existing architectural heritage to the
new Vertical Technical Rule (RTV) issued by the Ministerial Decree of 14 October 2021 [4],

Fire 2024, 7, 194. https:/ /doi.org/10.3390/ fire7060194

https://www.mdpi.com/journal/fire


https://doi.org/10.3390/fire7060194
https://doi.org/10.3390/fire7060194
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/fire
https://www.mdpi.com
https://orcid.org/0000-0001-8324-3611
https://orcid.org/0009-0006-6441-1820
https://orcid.org/0000-0002-8647-8173
https://orcid.org/0000-0002-9731-3497
https://orcid.org/0000-0002-7257-2599
https://doi.org/10.3390/fire7060194
https://www.mdpi.com/journal/fire
https://www.mdpi.com/article/10.3390/fire7060194?type=check_update&version=1

Fire 2024, 7, 194

2 of 20

which thus completed the regulatory framework on fire prevention already initiated by the
Cultural Heritage Code (issued by Legislative Decree No. 42/2004 [5]).

Regarding two-dimensional structural elements in masonry, a significant number of
studies have been conducted with the objective of investigating the seismic response of
such structures [6-14]. However, there are few studies that have investigated the response
of such structures to significant thermal loads, such as those resulting from fires [15-17].
To the authors knowledge, no studies have been conducted to investigate the potential of
modal analysis for assessing the structural health state of masonry vaults that have been
affected by fire. This study is proposed as a preliminary approach to the subject matter.

A major problem for developing research in this direction is the difficulty of carrying
out experimental tests and the associated safety issues.

A useful methodology in this regard is numerical modeling [17-20]. In fact, the
construction of accurate finite element models (FEMs) makes it possible to simulate various
stress conditions that may occur on a structure [21-24]. Finite element modeling has
produced countless outstanding results over the years; therefore, regarding the case of
masonry structures, we can distinguish three main approaches of constructing an FE
model [25]:

e  Detailed micro-modeling that distinguishes the different mechanical behavior of the
brick (clay, stone or concrete) element from the mortar, reproducing the real geometry
of both bricks and joints.

e  Simplified micro-modeling, whereby the stone element is reproduced with increased
dimensions that also consider the thickness of the mortar joints. Conversely, the mortar
joints are considered only as interface surfaces.

e  Macro-modeling, in which the masonry is considered as a homogeneous material
without distinguishing between its different elements.

Detailed micro-modeling approaches have emerged [26-28] as a promising method
for simulating the behavior of masonry structures. However, the computational cost of
these approaches can be prohibitive for large structures or when detailed micro-scale
characterization of the structure is not available.

To overcome these challenges, simplified micro-modeling approaches have been
proposed to reduce the computational cost while still capturing the essential features of
the structural behavior [29-33]. These approaches involve the modeling of the masonry
structure as a set of interconnected blocks and the application of a simplified contact
algorithm to simulate the interactions between two adjacent blocks. Despite their simplicity,
these approaches have shown promising results in predicting the behavior of masonry
structures under complex loading conditions [34].

In this paper, a simplified micro-modeling approach for predicting the thermo-mechanical
behavior of masonry vaults is presented. A thermo-mechanical analysis to study the
response of the masonry vault under various loading scenarios is performed and the
simulation results are compared with experimental data. The predictive capability of the
numerical approach is invaluable for understanding the vulnerability of existing structures
and for designing new buildings that are more resilient to fire.

In the case where the simple stress and strain analysis is accompanied by modal
analysis, it is possible to derive further insight into the structural integrity of masonry
buildings when exposed to fire, as is already performed for earthquakes [35-38].

The objective is to propose an approach useful for the design and, in addition, a
procedure to compare the state of the structure after a fire event with the ex ante state to
preliminarily assess the safety of recovery operations and rehabilitation.

2. Basic Mathematical Formulation for Thermo-Mechanical Analysis

The focus of this study is investigating the vulnerability of a masonry vault to fire, a
risk that is inherently related to the heat flux through the material and the specific fire load
(q) and the resulting temperature gradients (T). These factors act as the physical agents
of fire and require a thorough investigation to understand how the masonry vault will
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respond when subjected to such extreme conditions. The analysis splits into two distinct but
interrelated paths—thermal and mechanical—both rooted in the fundamental properties of
the materials, as shown in Figure 1. It is through a rigorous investigation that the overall
resilience or vulnerability of the vault under fire conditions can be assessed.

—
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Figure 1. Schematization of the physical problem and its fundamental parameters.

Relevant for both thermal and mechanical analyses are the material properties of
the vault. These properties include thermal conductivity (A), density (p), specific heat
(c), coefficient of thermal expansion (x), and Young’s modulus (E), which change with
temperature. These intrinsic properties determine how the materials will interact with heat
and withstand mechanical loads during a fire.

Thermal analysis examines how the vault absorbs and dissipates heat, changing its
temperature profile. It examines the transient conditions that materials undergo when
exposed to high temperatures. Meanwhile, mechanical analysis focuses on how heat affects
the structural integrity of the vault. It looks at factors such as thermal expansion, which
can cause stresses and deformations that can lead to structural failure and how material
properties change with the temperature.

The results of these analyses converge in the global response of the vault, which is
expressed in terms of stress (o) and strain (¢). This global response encapsulates the overall
behavior of the vault under fire conditions and provides insight into its stability and safety.

This allows researchers and engineers to predict how masonry vaults will respond to
fire, with the goal of proving design and preservation strategies to enhance their resilience.

2.1. Mechanical Equations

Many problems in computational mechanics are described by an approximate solu-
tion of variables such as displacements, deformations, stresses, forces, and possibly other
state variables such as temperature within a solid subjected to some history of loading.
“Loading” refers to a sequence of events whose response is being analyzed. Obtaining an
accurate solution to such problems requires maintaining both force and moment equilib-
rium throughout any volume within the solid. The displacement finite element method
simplifies this requirement by adopting a weaker form of equilibrium. Instead of requiring
exact equilibrium, it ensures that equilibrium is achieved on average over a finite number
of subdivisions of the solid volume. The basis for developing a displacement-interpolation
finite element model is to create a local spatial approximation for portions of the solution.
This process begins by transforming the equilibrium equations into a “weak form”—a single
scalar equation that spans the entire body. This is achieved by multiplying the point-wise
differential equations by an arbitrary, vector-valued “test function”, which is defined con-
veniently continuously over the entire volume, and integrating the result [39]. Due to the
arbitrary nature of the test function, the differential equilibrium in any given direction at
any given point can be precisely determined by choosing the test function to be nonzero
only in that direction at that point. In scenarios where equilibrium is considered with a
general stress matrix, this “weak form” corresponds to the virtual work principle. The test
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function is conceptualized as a “virtual” velocity field that is arbitrary but has to obey some
kinematic constraints and has a sufficient continuity. The interaction of this test function
with the equilibrium force field then represents the rate of “virtual” work performed. The
complete form of the virtual works theorem is reported as follows in Equation (1):

/U:BDdV:/év~tdS+/6v-de (1)
14 S 14

where o is the Cauchy stress matrix for each point of the surface S; 5D is the antisymmetric
part of the virtual velocity gradient, also known as virtual strain rate; 6v is the arbitrary
test function, imagined as a “virtual” velocity field; ¢ is the traction vector per unit area in
S; f is the force vector for volume unit; V denotes a volume occupied by a part of the body
in the current configuration; and S is the surface bounding V.

The virtual work principle offers a simple physical interpretation: the rate of work
performed by external forces under any given virtual velocity field is equal to the rate
of work performed by stress forces counteracting the deformation rate within the same
virtual field. This principle serves as the “weak form” of the equilibrium equations and
forms the basic equilibrium relation for finite element analysis. Its usefulness lies in the
fact that it represents equilibrium as an integral over the volume of the body and allows for
the incorporation of approximations through the selection of test functions for the virtual
velocity field. These test functions are not completely arbitrary; their variation is restricted
to a finite set of node values. This method provides a more robust mathematical framework
for investigating approximations than the direct discretization of derivatives found in the
differential equilibrium equations that typically underlay finite difference methods for
addressing similar problems.

2.2. Thermal Equations

From the thermal point of view, the equation adopted to evaluate the heat transfer is
Fourier’s law, expressed as in Equation (2):

= —k— 2

f=—ks @

where k is the conductivity matrix, f is the heat flux, 6 is the temperature, and x the position
vector. Conductivity k can be anisotropic, orthotropic, or isotropic.

The boundary conditions can be expressed as a fixed temperature, a fixed heat flow

through a surface, a fixed heat flow through a volume, surface convection, and radiation.

2.3. Thermo-Mechanical Coupling

The numerical simulation has been performed adopting a well-known solver, Abaqus/
Explicit. In the explicit heat transfer analysis, the heat transfer equations are integrated
using the explicit forward difference time integration rule. The temperature at node N,
denoted by 8%, is updated at each increment, denoted by the subscript i according to this
rule. The forward difference integration is such that it does not require the simultaneous so-
lution of equations because it uses a lumped capacitance matrix. The current temperatures
are calculated using the known temperatures obtained from the previous increment.

The updated temperature is given by Equation (3):

N N N
Oiy1) =0 + At(i1)8i) (3)

and the rate of temperature change as reported in Equation (4):

O = (cV) h (Pl — ) @)
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where CN represents the lumped capacitance matrix, P! is the applied nodal source vector,
and F is the internal flux vector.

In Abaqus/Explicit, the explicit dynamics simulation is based on the implementation
of an explicit integration rule, together with the use of diagonal (“lumped”) element
mass matrices. The equations of motion for the body are integrated using the explicit
central-difference integration rule represented by Equations (5) and (6):

At + Aty

N S\ (i+1) (i) ~N

Yirh) TUi-H T v ®)
N _ N N

Wiisr) = W) T ARG+ ©)
Here, uN represents a degree of freedom (a displacement or rotation component) and
the subscript i denotes the increment number in an explicit dynamics step. The central-
difference integration operator is explicit in the sense that the kinematic state is advanced

using known values of ul(\i[ 1 and iil(\iT) from the previous increment. The key to enhance
the computational efficiency in this solver is the use of diagonal element mass matrices, as
the accelerations are calculated when evaluating the increment as follows in Equation (7):

= ()" (8,1, »

where MM/ is the mass matrix, P! is the applied load vector, and U is the internal force
vector. The mass matrix is “lumped” to simplify its inverse computation and because the
vector multiplication of the mass inverse by the inertial force requires only n operations,
where 1 is the number of degrees of freedom in the model. The explicit procedure requires
no iterations and no tangent stiffness matrix. The internal force vector, U, is assembled from
the contributions of each element, eliminating the need to form a global stiffness matrix.

In an explicit integration scheme, it is necessary to have nodal mass or inertia at all
activated degrees of freedom. Specifically, non-zero node mass should be assumed unless all
activated translational degrees of freedom are constrained, and non-zero rotational inertia
is required unless all activated rotational degrees of freedom are similarly constrained.
Nodes that are integral to a rigid body structure do not require mass individually, but the
rigid body must have a specified mass and inertia.

Nodal mass or inertia comes into play when nodes are activated by elements with
non-zero mass density, such as those found in solid, shell, or beam structures, or by mass
and inertia elements themselves. The accumulation of lumped mass contributions occurs
naturally from these elements.

Conversely, when nodes are activated by massless elements such as springs, dashpots,
or connectors, care must be taken. One must either constrain the node or add mass and
inertia in a way that makes physical sense and is consistent with the dynamics of the system.

The response of the mechanical system is determined using the explicit “central-
difference integration rule” with a lumped mass matrix. The heat transfer and mechanical
responses are calculated simultaneously through explicit coupling, eliminating the need
for iterative solutions or tangent stiffness matrices.

This explicit integration approach is generally more computationally efficient and
streamlines the handling of contact conditions between elements.

The stability of the explicit integration process is guaranteed for small time steps
depending on conditionally stable central-difference and forward-difference operators. The
stability limit, which does not consider any damping effects in the mechanical solution, can
be determined by the following criterion reported in Equation (8):

At < min<2 2> (8)

7
Wmax Amax
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In this context, wmax is the highest angular frequency in the equation set of the
mechanical system, and Amax is the largest eigenvalue in the equation set of the thermal
system. This stability criterion ensures that the time step is sufficiently small to capture the
dynamics of the system without introducing numerical instability [39].

3. Masonry Vault Modeling

To accurately represent the thermo-mechanical behavior of a masonry structure in
a numerical environment, a complete knowledge of the microscale characteristics of the
structure, including the geometry and orientation of individual brick and mortar joints,
is required [40]. Thus, the development of a numerical model sufficiently accurate for
masonry structures should consider:

- The materials (through simplified or complex constitutive relationships);

- The masonry element;

- The nonlinearity, both at the material level and at the geometric element level;

- The construction details and their effect on the masonry walls (e.g., the presence of
curbs, infinitely rigid or deformable soils, or those characterized by their real stiffness,
degree of wall buckling, etc.).

Therefore, our work is placed within this line of research, with the further aim
of providing useful indications for the analysis and study of some buildings of histor-
ical/architectural value.

The modeling procedure applied to a masonry structure is influenced by the level
of detail adopted, both in terms of materials and structural elements. It is also necessary
to consider the type of analysis to be undertaken, the results of which, as well as the
computation time, will be influenced by the level of detail chosen.

When the performed analysis is nonlinear, it is also necessary to choose how to model
the nonlinearity of the inelastic behavior of the element: in these cases, the macro distinction
concerns concentrated or distributed plasticity models.

FE Modeling

To define a simplified micro-model, the vault has been represented by three-dimensional
solid elements with average mechanical and thermal properties of the clay bricks and the
mortar. All blocks were modeled with increased dimensions to consider the thickness
of the mortar courses, i.e., the numerical block is an “equivalent block” that is realized
considering the real dimensions of the block and half of the thickness of the mortar joints on
each side [25]. On the other hand, the mortar behavior is defined by the mutual interactions
between the blocks in both main directions to obtain a realistic representation of the overall
behavior [41-43]. Given the limitations imposed by the computational machine used, to
reduce the computational burden of the test, it was decided to define a model with a smaller
size that considered the vault in its elevation between the shuttering sections, but with a
reduced longitudinal section, made by one brick and half, which is equally significant for
the global behavior of the structure. This was possible because the characteristics of the
vault were constant throughout its entire longitudinal development.

The blocks are modeled using C3D8T elements (ideal for coupled temperature—displa-
cement analyses) with a total of 42,000 elements and 61,600 nodes. Such a high number of
elements was used because the ultimate purpose of our analyses goes beyond evaluating
displacements and aims to include the influence of temperature on structural behavior.
The elements comprising the model are defined as deformable elements with associated
nonlinearity and cracking characteristics. The blocks were modeled according to an elasto-
plastic type of constitutive bond, in which the plastic phase is described by a particular
extension of the Drucker—Prager criterion.

The nonlinear characteristics of the structure were simulated using the plasticity model
known as Concrete Damage Plasticity (CDP). CDP is a material nonlinearity model gener-
ally used for brittle materials subject to static and dynamic loads and based on the theory
of plasticity and damage mechanisms [44-47]. Essentially, this model is a development
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of the Drucker—Prager model, modified by a coefficient K. to define a difference between
compressive and tensile yield stresses and a coefficient expressing the ratio of biaxial to
uniaxial compressive yield stresses.

The failure is governed by a criterion known as “Quadratic Nominal Stress Damage”
(Quads Damage in Abaqus), which evaluates the stress ratios between a given stress value
and the peak nominal stress value in each of three directions [39].

To simulate heat transfer inside the vault, conductivity and specific heat parameters
obtained as average parameters between data from data sheets of similar materials were set
for the blocks. To better simulate the influence of temperatures on the structural behavior
of the vault under consideration, an important feature of the proposed approach is that
the parameters entered for the definition of materials vary in relation to temperatures. The
parameters were identified from the literature and selected for similarity to the case under
consideration. Data that could not be identified in the literature were instead assessed
through a parametric study. The data set needed to calibrate the model are shown in
Tables 1-4.

Table 1. Elastic properties of equivalent brick in Abaqus.

Elastic Properties of Bricks

Density kg/ m3 1721 Experimental data [48]
Young’s modulus MPa 1100 Norme Tecniche per le Costruzioni (NTC 2018) [49]
Poisson’s Coefficient - 0.25 Norme Tecniche per le Costruzioni (NTC 2018) [49]

Table 2. Concrete Damage Plasticity properties of an equivalent brick in Abaqus.

Post-Elastic Properties of Bricks

Dilatancy angle 10 Naciri et al., 2022 [50,51]
Eccentricity - 0 0-0.1 from Drucker-Prager Theory [44,52,53]
£/fh0c0 - 1.61 Naciri et al., 2022 [50,51]
K - 0.667 Naciri et al., 2022 [50,51]
Viscosity - 0.002 For Abaqus convergence [54]

Compression strength MPa  2.89 Norme Tecniche per le Costruzioni (NTC 2018) [49]

Table 3. Quads damage properties of an equivalent brick in Abaqus.

Quads Damage and Damage Evolution Parameters of Bricks

Nominal Stress Normal-Only mode N/mm? 0.04 Ptaszkowska et al., 2014 [55]
Nominal Stress First Direction N/mm?2 0.056 1.4*Normal stress
Nominal Stress Second Direction N/mm? 0.056 (Abdulla et al., 2017) [56]
Normal Mode Fracture Energy N/mm 0.02 Ptaszkowska et al., 2014 [55]
Shear Mode Fracture Energy First Direction N/mm 0.125
Shear Mode Fracture Energy Second Direction N/mm 0.125 Abdulla et al., 2017 [56]

Table 4. Thermal properties of equivalent brick in Abaqus.

Thermal Properties of Clay Bricks

Conductivity W/mK 1.092 Norme Tecniche per le
Specific heat J/kg°C 922 Costruzioni (NTC 2018) [49]

Regarding the interactions between the blocks, the goal is to reproduce the mechanical
behavior of the mortar. Therefore, it is necessary to define both tangential and normal
behavior, as well as mechanical capabilities. In the normal direction behavior, the hard
contact option was used, which defines the impossibility of interpenetration between the
blocks. For tangential behavior, the “penalty” option [39] was used, with which the friction



Fire 2024, 7, 194

8 of 20

limit angle and shear stress limit are associated. For the definition of mechanical parameters,
the cohesive properties and damage limit state were defined using the cohesive and damage
options. The cohesive assumption handles the linear behavior through an elastic stiffness
matrix that characterizes the linear tensile separation relationship. Damage handles the post-
elastic response that is characterized by crack propagation and is defined by the maximum
nominal stresses in the normal and shear components that govern the onset of the cracking
phase, the cracking energies (again in the normal and shear components, according to
Benzeggagh—Kenane behavior), and finally by crack stabilization governed by a viscosity
coefficient. The thermal characteristics of the mortar were associated with the interactions
to simulate the thermal transmission capabilities of the mortar. The characteristics of the
interface bond in the numerical model are shown in Table 5.

Table 5. Interaction properties at the interface between the equivalent bricks in Abaqus.

Interaction Properties at the Interface between Bricks

Friction Coefficient - 0.43
Knn N/mm?3 21
Kss N/ mm?3 8.4
) Ky ) N/mm? 84 Ptaszkowska et al.,
Maximum Normal Nominal Stress N/mm? 0.04 2014 [55]
Maximum Normal Shear Stress N/mm? 0.173
Normal Fracture Energy N/mm 0.173
First Shear Fracture Energy N/mm 0.02
Second Shear Fracture Energy N/mm 0.05
Viscosity Coefficient - 0.002 For Abaqus

Convergence [54]

For the definition of a coupled displacement and temperature analysis, it is neces-
sary to define the boundary conditions. The vault was hinged to the support section,
and the presence of the blocking elements on the front and back of the vault was mod-
eled by imposing restrictions on lateral displacements and out-of-plane rotations on both
mentioned faces.

The analysis chosen to simulate the test is explicit dynamic coupled temperature—
displacement analysis, as defined in Abaqus, which allows the good performance of the
analysis to be verified through the kinetic energy and total energy values provided step
by step.

4. Thermo-Mechanical Analysis

To verify the suitability of the adopted assumptions for the numerical model, the
temperatures and displacements obtained from an experimental test, conducted at the
Roma-Capannelle Fire Department Experimental Center [48], were compared with those
obtained from our simulation in Abaqus.

4.1. Experimental Campaign

The masonry vault was built in a horizontal furnace under simple support conditions
on two HEB 200 section steel girders. The vault has a net span of 161 cm and a rise of
46.5 cm. The length of the intrados arch measures 195 cm. The thickness of the vault is
12 cm. The bricks specific weight is estimated to be 1800 kg/m3 (NTC 2018 tab. 3.1.1) [49].

The load is applied by two concentrated forces symmetrically distributed in the longi-
tudinal direction of the vault at about 50 cm from the axis. The quantification of the load to
be applied is performed by applying the static theorem of limit analysis. The arrangement
of the funicular polygon ensures verification of external equilibrium compatibility.

The load multiplier is increased until the condition of tangency of the funicular
polygon with the central inertia core of the masonry section is reached. Following that, a
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load of 9.2 kN was applied to the vault. The geometric dimensions of the vault are reported

in Figure 2.
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Figure 2. Experimental vault as built in the laboratory of Roma-Capannelle.

The simplified method in Appendix C of Eurocode EN 1996-1-2 is adopted for fire re-
sistance time calculation [57], supplemented by DCPREV circular 4638 [58]. In this method,
the resistant section is reduced according to the values of the maximum temperature
reached in the section. For masonry made of artificial elements and mortar, the European
standard provides the limiting temperature values shown in Table 6:

Table 6. Temperature limit values for thermal tests on masonry in Eurocode [57].

Unprotected Bricks Constant ¢ Temperature [°C]
and Mortar 62 01
Clay bricks with generic mortar Cal 600 100
Calcium-silicate bricks with a thin layer of mortar Ccs 500 100
Lightened blocks with pumice and generic mortar Cla 400 100
Heavy bricks with generic mortar Cda 500 100
Autoclaved aerated blocks with thin mortar layer Caac 700 200

Below 100 °C, the material can be considered fully resistant, above 600 °C it offers
no mechanical strength, and between 100 °C and 600 °C the material has an intermediate
strength, which, since it is not specified by the Eurocode or its National Annexes [57-59],
can be cautiously set to zero by virtue of DCPREV Circular 4638 [58].

The vault was then heated following a temperature gradient that traced the tempera-
ture curve prescribed by ISO Standard 834 for fire tests on structures [60].

Experimental verification of the vault exposed to fire is carried out by evaluating:

- The bearing capacity R, by measuring subsidence and the rate of subsidence;
- Thermal insulation, by placing thermocouples on the unexposed face.

The test was conducted for 55 min, sufficient to study the behavior of the structure
beyond the maximum calculated fire resistance time (45 min).

4.2. Deviations in Numerical Method

In the numerical model, several deviations from the experimental test system have
been made. As for the application of load, it was applied as pressure on the extrados of the
vault and imposed as a total load, circumventing the direct modeling of the concrete curb,
wooden board, and steel plate, which were instead used in the experimental test to ensure
uniformity of load distribution. About the constraint conditions, hinges were modeled at
the support nodes of the structure, as shown in Figure 2. This is due to the fact that during
the experimental phase, the vault was never in a real interlocking condition, as was also
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confirmed to us by the fire brigade officials during discussions with them. The assembly of
the structure in the FE Model is shown in Figure 3.

Figure 3. Reconstruction of the vault in Abaqus.

The thermal load is defined by a field in which the imposed field simulates the
furnace condition, a temperature rise according to the ISO 834 curve [60]. Since the
temperature in the experimental test is imprinted precisely by an increase in temperature
in the furnace and not by a thermal load applied directly to the vault, it was necessary to
define boundary conditions that simulated the presence of air, or rather its convection and
radiation capabilities. This condition was simulated by defining a convection and radiation
film at the intrados. In this way, the convection and radiation characteristics of the air
are defined by associating them with the thin transition section between the air and the
vault. For this purpose, both convection and radiation coefficients that regulate the thermal
flow in the fluid has been defined in the model. At the extrados, the same parameters
need to be defined to simulate the heat flow exchange between the masonry vaults and the
ambient air.

4.3. Model Validation

A calibration process to tune the parameters of the numerical model which represent
the effect of the interface between blocks is needed. In fact, the calibration allows us
to fit the numerical results with measurements obtained on the experimental test. The
calibration process involved both mechanical and thermal parameters of the interface
properties between the blocks.

Regarding the mechanical parameters, the trend of the deflection in the keystone was
compared, whereby it was verified that the keystone section underwent the same lowering
as the vault did during the experimental tests. As for thermal parameters, three points
were identified in the model, at the intrados, extrados, and in the middle section at the
keystone section, against which the temperature trend was evaluated and compared with
that measured by thermocouples at the same positions during the experimental campaign
(T2, T8, T29). These points have been chosen because they correspond to the highest
temperatures measured at the intrados of the vault and on the inside. The positions on the
vault are reported in Figure 4. The computational load of the test is 7100 s.
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Figure 4. Thermocouples positions.

Comparing the results obtained by the numerical model with those obtained by the
experimental test, a good match with the physical model can be observed. In fact, by
analyzing the tensional state, the fracture mechanism is evident, showing the formation of
three hinges, two lateral and one at the keystone section. Upon reaching the plastic phase
at those points, crack formation is confirmed, as occurred in the experimental phase.

This is also confirmed by comparing the displacements of the key section of the
numerical model with those of the experimental campaign, which have a relative error of 2%
that we consider highly acceptable. In contrast, the difference between the displacements of
the sections below the point of load application is larger. This discrepancy results from the
simplification of the model regarding how the load is applied. In the experimental phase,
the reading of the subsidence of the section below is taken by the machine itself applying
the load. This means that the read subsidence is that of the vault plus the deformation of
the concrete, wood, and steel elements that distribute the load uniformly over the entire
vault. The displacement measures are presented in Table 7.

Table 7. Displacement correspondence between experimental results and numerical test.

Displacements at the Control Points at Min 52

Experimental (mm) Numerical (mm) Error (%)
Keystone 4.46 4.36 1.13
Load line 12.83 9 17.54

Analyzing the thermal behavior, the temperature trends at selected control points are
shown in Figures 4-6. A good correspondence between the numerical and experimental
curves emerges. As for the curve of the central point, it is mainly influenced by the thermal
characteristics of the vault itself since heat exchange occurs by conduction. Due to this, the
application of the same heating curve as the experimental one resulted in a very accurate
match between the real case and the numerical test, as shown in Figure 5.

For points at the intrados and extrados of the vault, the matter is different. At these
points, the temperatures depend mainly on the interactions and thermal exchanges between
the air and the vault, and thus both radiation and convection phenomena are involved.
Temperatures at the intrados show a very good correspondence with those obtained in the
experiment, as can be seen in Figure 6.

At the extrados, due to the computational burden, we chose not to define the heating
loss conditions in the numerical model, but the results show an acceptable difference, as
can be seen in Figure 7.

Another relevant aspect that has been observed in the numerical environment is the
accurate reproduction of the crack pattern in the parts of the structure not influenced
by the constraint conditions. The proposed FE model allows us to evaluate the crack
formation through the damage level of all the nodal joints. The damage is defined through
CSMAXCRT, which is the value of maximum traction damage for cohesive interactions,
which have been used to represent the binding properties of mortar joints. This makes
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it possible to use it to predict the damage evolution of the vault under different loading

conditions. Through Figures 8 and 9, it is possible to compare what is observed in the
experimental test and in the FE model.
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Figure 5. Temperatures calibration in the middle of the vault section at 5 cm from the intrados.
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Figure 7. Temperature calibration at the extrados of the vault.
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Figure 8. Crack pattern (red dot line) at the keystone in the experimental test.
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1.000
0.917
0.833

Figure 9. Crack pattern at the keystone in the FE model.

5. Modal Analysis

Modal analysis (MA) proved to be an important technology for the study of structural
dynamics. Through modal analysis, complex phenomena in structural dynamics can be
represented using decoupled modes consisting of natural frequency, damping, and mode
shapes. The collection of these modal parameters is called a Modal Model.

Comprehensive modal analysis includes both data acquisition and subsequent pa-
rameter identification. From its inception to the present, modal analysis has been widely
applied in mechanical and structural engineering for design, optimization, and valida-
tion purposes. It has been widely accepted for broad applications in automotive, civil
engineering, aerospace, power generation, musical instruments, etc.

The key features of a Modal Model are natural frequency, damping, and mode shapes.
The natural frequency is the frequency at which a structure vibrates in the absence of
external forcing; this identifies the resonance conditions that can cause the structure to
fail. Damping describes the loss of energy during the vibration of the structure and tends
to have a stabilizing effect on the structure. The mode shapes describe the pattern of
displacement a structure goes through at each natural frequency, helping to predict stress
concentration and the possibility of failure [61].

5.1. Theoretical Framework

Modal analysis is a technique for describing the dynamic behavior of mechanical
systems. It employs experimental methods that focus on the exploration of modal shapes.
It typically involves the mechanical excitation of a structure using instruments such as
hammers or shakers, while the vibration data are collected by an array of sensors, primarily
accelerometers. In the field of structural analysis, modal analysis is instrumental in eluci-
dating both the inherent properties and the dynamic responses of structures, regardless
of their state of constraint. It adeptly addresses scenarios where the structure operates in
isolation or is subject to externally applied dynamic forces, providing a comprehensive
understanding of its dynamic performance.
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Analytically, modal analysis consists of solving an eigenvalue problem associated with
the equation of motion, Equation (9):

M{ii(t) } + C{u(t) | + K{u(t)} = {f(t)} ©)

where M is the mass matrix, C is the matrix of damping coefficients, K is the stiffnesses
matrix, u(t) is the displacement vector and its derivatives, f(t) is the generic force vector.

In the case of structures that have been subjected to fire or other particularly destructive
phenomena such as earthquakes, forced excitation of oscillation modes is not possible,
so operational modal analysis (OMA) is often used [62,63]. These methodologies focus
on determining the modal characteristics of structures by analyzing only their vibration
responses. Typically, this analysis is conducted under normal operational conditions; i.e.,
under environmental vibrations, OMA offers the advantage of minimal disruption to a
structure’s everyday usage and is cost-effective. Additionally, the modal properties derived
from OMA reflect the true operational behavior of the structure. Data analysis for OMA
can be performed in either the time or frequency domain. The obtained modal information
is crucial for evaluating the structure’s response to dynamic forces and, in certain cases,
can also be instrumental in assessing structural health and performance.

Usually, the results of operational modal analysis are used for model updating, i.e., for
calibration of numerical models that have some inaccuracies due to the obvious simplifica-
tions assumed in the numerical field. In some cases, however, it is also possible to reverse
the procedure, i.e., to use appropriately calibrated numerical models to preliminarily study
the behavior of a structure under critical conditions and to use the results to guide field
interventions when the catastrophic event occurs.

5.2. Numerical Frequencies

Frequency calculation is developed by the Abaqus 2017/CAE solver through the
resolution of an eigenvalue problem. By extracting the eigenvalues, the software allows
calculation of the natural frequencies and corresponding modal forms of a system. The
calculation also considers initial stress states and the effects induced on stiffness by previous
load states. In addition, the procedure can calculate residual modes if necessary. It is
important to note that this is a linear perturbation procedure. A significant advantage of
this methodology is the ability to perform the calculation in parallel on multiple CPUs [39].

The eigenvalue problem for the natural frequencies of an undamped finite element
model is represented by the Equation (10):

(—sz—i-K){d)} =0 (10)

where:

e M is the mass matrix, with M X N degrees of freedom, and is symmetrical and
positively defined;

e  Kis the stiffness matrix, with M x N degrees of freedom. It includes the effects of the
initial stiffness if the starting state included any geometric nonlinearities;

e ¢ is the eigenvector of dimension N (the mode of vibration);

When K is positively defined, all eigenvalues are real and positive. Rigid body motions
make the value of the stiffness tensor undefined, returning zero eigenvalues; conversely,
instability phenomena induce negative eigenvalues. The adopted resolution method is
the “subspace iteration method”. With this method, having defined the required number
of eigenvalues, the Abaqus/CAE solver chooses an appropriate number of vectors for
iteration, after which it extracts eigenvalues until the required number of eigenvalues is
reached or the last calculated frequency exceeds the maximum frequency of interest.

Analyses were performed both on the vault in the undisturbed state, with only the
presence of the backfill loads and on the vault at the end of the fire simulation. The
numerically derived frequency values are presented in Table 8.
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Table 8. Frequencies and periods obtained by the numerical model for the undamaged vault and for
the fire-damaged vault.

Ex Ante Ex Post Difference (%)
Frequencies [Hz] Periods [s] Frequencies [Hz] Periods[s] Frequencies Periods
1 51.96 0.019246 46.29 0.021603 —10.91 12.25
2 86.28 0.01159 79.71 0.012545 —7.61 8.24
3 116.76 0.008565 105.45 0.009483 —9.69 10.73
4 135.38 0.007387 124.74 0.008017 —7.86 8.53
5 137.42 0.007277 128.78 0.007765 —6.29 6.71

Eigenfrequencies decrease after the fire by a factor between 10 and 6 percent. In
Figure 10 a comparison between ex ante (before fire) and ex post (after fire) frequencies is
presented in a diagram form.
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& ]
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() L
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Figure 10. Comparison of pre- and post-damage frequencies corresponding to each main mode.

The health state of a structure can be monitored during time through modal analysis
as can be proved in previous works [36,64-70].

The numerical analysis reported in Figure 10 shows how the frequencies compared
before and after the fire provide a useful measure of the degree of damage to the structure.
This observation can lead to the definition of a practical method to assess the structural
safety by applying a set of accelerometers to measure frequencies based on the environ-
mental vibrations. If a numerical model is built with a reasonable degree of accuracy, the
frequency decays, observed in the numerical simulation in correspondence with a major
damage of the structure, can be compared with actual frequency measurements to assess
the degree of the damage to the physical structure after a fire; i.e., the numerical model is
used as a digital twin of the physical structure.

A further analysis was performed to understand how the stiffness of the structure
degrades with the temperature of the fire.

Frequency decay with temperature was evaluated since this quantity is directly cor-
related to the stiffness of a structure, at least in the elastic field. Being able to define a
nonlinear correlation between the frequency and stiffness of the masonry would be ex-
tremely useful as it would allow us to define an index of the decay of the mechanical
parameters of the constituent materials and not just a definition of the degree of risk

The trend of the frequency decay for the first mode as temperature increases is shown
in Figure 11. This mode was selected for brevity since it is the one which experienced the
largest reduction. The function approximated by interpolation follows a power law with
negative exponent.
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Figure 11. Decay of frequencies at the first mode as function of temperature.

This behavior shows how even fires characterized by a moderate increase in the tem-
perature can give rise to a significant decay in the stiffness properties of the structure.
Consequently, frequency measurements on the actual structure can provide an insight into
the damage caused by a fire when compared with a digital model and assess the temper-
atures reached during the fire. This decay of frequencies with the fire temperature tends
to saturate for high temperatures, meaning that when numerous cracks in the structure
appear, the stiffness and the structural safety of the vault are irremediably lost.

6. Conclusions

This work investigates the possibility of using modal analysis and numerical models
to determine the health status of a structure after being exposed to fire.

For this purpose, a numerical finite element model is built in Abaqus/CAE to replicate
the thermo-mechanical behavior of a masonry vault by modeling the structure through
equivalent blocks connected by cohesive properties that simulate the presence of the mortar
joints.

This work has produced several outcomes:

1. A simplified micro-model in which a thermo-mechanical analysis has been conducted,
in good agreement with experimental tests in terms of measured temperatures and
displacements.

2. The FE model resulted in a good compromise between measurement accuracy and
computational burden.

3. The good calibration of the model in the numerical environment correctly identifies
the presence of damage in the vault, in good agreement with an experimental test.

4. The modal analysis, performed on the numerical model, showed about 10 percent re-
duction in the natural frequency of the first mode of the damaged structure compared
to the intact structure. The frequency decay is less evident in the higher modes, but is
still relevant, with an oscillation between 6 and 9 percent.

The observed frequency decay is a relevant aspect because it indicates a significant
reduction in the stiffness of the vault due to the fire. This reduction in stiffness may have
important implications for the structural safety of the vault, affecting its load-carrying
capacity and its resistance to further applied loads.

This frequency decay observed in the numerical model can be used to assess the struc-
tural safety by applying a set of accelerometers to a physical structure and measuring fre-
quencies based on the environmental vibrations. If a reasonably accurate numerical model
is built, the frequency decays observed in the numerical simulation in correspondence with
major damage to the structure can be compared with actual frequency measurements to
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assess the degree of damage to the physical structure after a fire; i.e., the numerical model
is used as a digital twin of the physical structure.

The use of numerical models makes it possible to predict the state of degradation
reached in the event of destructive events such as fires and to optimize the choice of the
number of sensors to be used and their positioning with the aim of increasing the safety of
technicians working in hazardous conditions.

Future developments of this study are related to the investigation of other case studies
of masonry vaults to define a general trend in the frequency decay in ex ante and ex post
fire conditions. Furthermore, a sensitivity analysis to identify the parameters which most
affect the modal analysis is needed. Thus, if sufficiently accurate ex ante measurements of
these parameters, so identified, can be ensured, a proper level of accuracy for the digital
twin of the structure can be guaranteed. This approach could lead to defining a general
procedure and rules for the investigation of historical structures made of masonry affected
by fire phenomena.
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