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Abstract: The application of the elasto-plastic material model known as the Barcelona Model (BM)
for numerical assessment of a historical vault subjected to earthquake sequence is presented in this
work. As a case study, part of a masonry vault erected in Southern Poland in the 12th century was
chosen. For the study purposes, a 3D finite element model (FEM) of the vault was prepared using the
ABAQUS/Standard software program. The essential details of the structure geometry were taken
from the 3D scan of the vault. The first variant of the masonry vault was the structure without any
strengthening, whereas the second variant was with strengthening system realized by application
on composite materials, i.e., the carbon fiber reinforced cementitious matrix (C-FRCM). The results
of the dynamic analysis revealed that an evident nonlinear performance of the masonry materials
of the vault in both cases was detected for both FE models of the structure. The analysis proved
that the foreshock-mainshock-aftershock sequence caused substantial damages in structural parts
of the masonry vault. The distribution of plastic strains and damages allowed assessment of the
impact of the full seismic sequence on the masonry vault. In the case of the unstrengthen vault the
level of cracking and stiffness loss reached 90%. In the case of the vault strengthened with the FRCM
system the tensile damage level was significantly lower. It did not exceed 30%. In addition, the first
plastic zone of the unstrengthened masonry structural elements of the vault became visible after
the foreshock.

Keywords: diagnostic; vaults; heritage; fiber reinforced cementitious matrix (FRCM); Barcelona
Model (BM); FEM

1. Introduction

The investigations of destructions of monumental masonry vaults due to strong
kinematic seismic loading have uncovered that the protection of these types of structures
is a difficult technical task [1-4]. In particular, for historical structures located on seismic
activity regions, the kinematic loading generated by seismic events are one of the most
destructive factors [4,5]. Hence, monumental structures of this type, which are memorable
heritage landmarks, have to be secured and, if necessary, strengthened against seismic
loadings [6-9]. Taking into consideration the assessment methods which were proposed by
different researchers [4-9], the numerical evaluation of damages in structures subjected to
seismic events is significant stage in designing strengthening. Calculations with nonlinear
plastic material models provide good quality data for strengthening the structural parts
that are at risk of being destroyed by strong seismic events [10-12]. It must be emphasized,
that the majority of seismic mainshocks are usually preceded by foreshocks and succeeded
by aftershocks within a short period of time [13-17]. Regarding the periodic mechanism
of earthquake loadings, it is rational to consider the full sequence of the seismic events
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that may load the structure. Regarding the safety of the masonry vaults that are exposed
to seismic influences, it is reasonable to consider the set of issues that were introduced by
researchers. The protection of these types of monumental structures, the applications of
non-linear materials for their assembling, mechanism of earthquake loadings, and types
of the strengthening system are issues that are significant for the prevention of potential
destruction.

In this work, the numerical assessment of damages to a monumental masonry vault
exposed to kinematic loading generated by a foreshock—mainshock-aftershock seismic
sequence is presented. This case study was based on a vault which is a structural part of the
basilica erected in Southern Poland in the 12th century. In the numerical simulations, the
vault was exposed to a foreshock-mainshock-aftershock earthquakes sequence which was
recorded in Central Italy, i.e., Mascioni, in the Province of L’Aquila, in 2017 [18]. The main
objective of the analysis is the comparison of the dynamic performance of two variants of
the structure under the investigated seismic sequence. The first variant of the masonry
vault was the structure without any strengthening, whereas the second variant was with
a strengthening system realized by the application of composite materials, i.e., a carbon
fiber reinforced cementitious matrix (C-FRCM). In order to evaluate the impact of the
studied seismic events on the investigated vault, the Barcelona Model (BM) was applied as
a constitutive elastoplastic model of the masonry material [19]. The research was divided
into four stages. The general framework of the investigation is shown in Figure 1.

STAGE1
3D finite element model (FEM)

3D scan of the vault

Ortophotogrammetry

Technical documentation

Assembling of the geometry
of 3D finite element model (FEM)

STAGE 2
Non-linear constitutive material model

Mathematical formulations of the material model

Masonry and FRCM material testing

STAGE 3
Numerical simulations for two variants of the vault

1%t variant of model — the unstrengthen vault

2" yariant of model —the vault strengthened
with the FRCM

STAGE4
Results discussion

Distributions of the BM variables

Evaluation of the effectiveness of reinforcement
of the masonry vault

Figure 1. General concept of the investigation.
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2. Materials and Methods
2.1. Geometry of the Vault

The analyzed masonry vault, which was chosen as a case study, is a structural part of
the basilica erected in Southern Poland in the years 1392-1430.

In order to create a geometric model we used data acquired with a 3D laser scanner
(Figure 2) and photographs using the orthophotogrammetry method [20].

(b)

Figure 2. Laser scanner used to create a geometric model (a) and representative scan output (b).

For the purpose of the inventory of the structure of the church vaults a laser scanner
was used, obtaining more than 20 scans of the interior under and above the vaults, and
spherical photographs in shades of gray and color. Point clouds recorded in individual
files were combined. The exact positioning of the scans in relation to each other was made
possible by reference balls. Spherical objects with a known diameter were placed in areas
common to subsequent scans before the start of the scan.

At the model development stage, the scan points relevant to the rib curvature were
connected to form a spatial, broken polyline. Important profiles, i.e., sections of ribs and
walls were also drawn. Next, horizontal projections were drawn and the layout of the
vault ribs was marked. Imported rib curves were used to draw the arches. The arches
had common knots in the vault’s armpits and at the intersection of ribs, and their curves
were selected by changing the value of the rays. Next, drawings of rib cross-sections
through selected axes were made. Next, individual vault fields were described and drawn
parametrically, obtaining spatial shells.

The effect of these actions was to obtain spatial coatings of individual vaults. In this
way a surface model of the entire church vault was obtained, on which analyses could be
made.

Similar to the 3D scanning, verification of the spatial model of the vaults was obtained
using the orthophotogrammetry method. The photogrammetric methods of measurement
used photography for engineering tasks and carried out the inventory of the monuments.
Photogrammetry allows the collection of information in a non-contact and non-invasive
way. It is often the best method in the measurement of inaccessible elements, objects with
irregular shapes and where data on the structure and texture of examined surfaces are
necessary and it is not feasible to make 3D scans—e.g., for financial reasons.

The main task was to create a 3D textured object model and orthophotoplan of the
vaults on this basis. The work consisted of the following stages: taking photos, align-
ing photos and creating a rare point cloud, building a dense point cloud, building a
three-dimensional polygonal model, texturing the model, creating an orthophotoplan and
exporting results.

The mosaic method was used to create the texture. This method mixes low-frequency
components on overlapping photos to avoid visible cutting lines, while high-frequency
components responsible for texture details are taken from the photos with good resolution
and the frame plane maximally parallel to the photographed surface. Since in this case the
model is for illustration purposes only, it is limited by a 4096 x 4096 pixel texture.
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The creation of the orthophotoplan using Agisoft Metashape 1.5.5 software was based
on the data of the original images and the reconstructed model, which allowed to create a
high resolution image. The mosaic method was used again. The result of this stage was an
orthophotoplan in a TIFF file with a resolution of 6749 x 18,320 pixels. The pixel size was
taken as 0.004056 m.

Additionally, the orthophotoplan was processed in Adobe Photoshop CC 2018 (19.0)
graphic software. Contrast, color brightness and image sharpness were enhanced. The
final orthophotoplan was used as a base for vault 2D and 3D models.

Basing on the resulting spatial models (3D scans joined into one point cloud and
orthophotogrammetry), the following geometrical parameters of the model were assumed
in further analysis:

e  Vault coatings are 16 to 28 cm thick,
e  The span of the vaults of the main nave is about 10.0 m, the side aisles —5 m,
e  The width of the vault ribs is 20 and 29 cm.

The real view of the analyzed vault part and effect of using the 3D laser scan and
ortophotography are shown on Figure 3. The historical drawings, new drawings and
model of the analyzed part of the vault are shown on Figures 4-6.

(a) (b)

Figure 3. Analyzed vault part: (a) real view; (b) 3D low resolution laser scan—intrados view; (c) high resolution

ortophotography—3D intrados view.

Figure 4. Historical drawings of the vault—intrados view, with highlighted analyzed vault part.
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(@) (b)

Figure 5. Drawings of analyzed vault part based on 3D laser scan and ortophotography: (a) intrados view; (b) cross section
view.

(b)

Figure 6. Three-dimensional (3D) finite element model (FEM) of the vault with highlighted analyzed vault part: (a) extrados
axonometric view; (b) cross-section view.

2.2. Masonry and FRCM Material Testing

Material parameters (Table 1) for calculations and the numerical model were adopted
based on the results of laboratory destructive tests (DT) (Figure 7), non-destructive tests
(NDT) and quasi-non-destructive tests (QNDT) described in [20-22] and compared with
the our earlier test results [23]. The analyzed vault is a brick structure, an anisotropic
material build with two basic elements: small-sized ceramic elements (bricks and/or
stones) and mortars joining them [24]. According to [22,23], taking into account the existing
computational possibilities and the degree of their complication, it is not possible to
analyze larger objects or their parts, taking into account the division of the material into
these elements. Consequently, it is supposed that when analyzing larger elements or entire
structures, the material can be treated as isotropic with elastic properties. In order to
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determine the parameters of the vaults as an isotropic material, it is necessary to carry
out the homogenization formulas (1-5)—this allows the determination of the subsequent
material parameters based on the factors of the components and the interactions between
them. The elementary factor to be determined is Young’s modulus. The authors based on

the approach presented in [25,26].

o, =7 /7l

E, =) (1-70,9,)/e"

E, =P (1-7,9,) /e
G=74 /74
where:
(i) Identifies the case of the displacements under consideration:

(1) Compression—tensile in the x direction (Figure 5b),
(2) Compression—tension in the y direction,
(3) Shear in xy plane.

Table 1. Material parameters of the masonry and carbon net used for reinforcement.

)

@
®)
4)
©)

Modulus of Elasticity Poisson’s Ratio Shear Modulus
Material E v G
[MPa] [-] [MPa]
masonry 9480 0.6 4300
carbon net 240,000 0.4 5000

carbon net before destructive test (DT) | during test «

(b)

Figure 7. Cont.
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Figure 7. Destructive laboratory tests (DT) of the materials used in the analyzed vault part: (a) masonry brick compressive
strength; (b) carbon net tensile strength; (c) example diagram of compressive strength; (d) example diagram of strength—slip.

2.3. FE Model of the Masonry Vault

The principal objective of the FE simulations was the comparison of the dynamic
performance of the unstrengthened and strengthened masonry vault (Figure 8). Hence,
two variants of the structure’s FE model were analyzed. In the first variant it was assumed
that the vaults are unstrengthened. In the second variant, the strengthening was applied to
the top as well as bottom surfaces of the vault. They were upgraded with strengthening
system realized by application of composite materials, i.e., carbon net + mortar = carbon
fiber reinforced cementitious matrix (C-FRCM). The masonry elements of the vault were
realized with solid elements [27] for both variants of the structure. For the second variant,
the C-FRCM strengthening system was modeled as shell elements. The “Tie’ option was
used as a connection between the masonry vault and C-FRCM [27]. For the purpose
of this study, i.e., analysis of the plastic behavior of the vault under a series of seismic
shocks, the ABAQUS/Standard software program [27] was introduced and a finite element
(FE) model of the vault was composed. The 3D numerical model was prepared using
the quadratic tetrahedral elements of type C3D10 (for the masonry structural parts) and
quadratic triangular elements of type STRI65 (for C-FRCM strengthening system) available
in the ABAQUS element library. The complete number of nodes and elements equaled
109,964 and 62,260, correspondingly.

For the investigated variants of the FE model of the masonry vault, the non-linear
plastic material model was implemented, since the evaluation of seismic-induced damages
was the main purpose of the numerical simulations. Hence, the concrete damage plasticity
model (CDP), also known as the Barcelona Model (BM) was used for masonry parts of the
vault [25].
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- - BM adapted for masonry
: - linear elastic material model

Figure 8. FE model of the studied masonry vault.

The CDP model, applied in the ABAQUS/Standard software program, makes it possi-
ble to present all occurrences typical for the material that occurs during cyclic loading [19].
The CDP model is generally dedicated to concrete material structures and it describes
the isotropic features of the concrete. This model uses conceptions of the combination of
non-associated multi-hardening plasticity and scalar damaged elasticity to represent the
inelastic behavior of concrete and to describe the irreversible damage that occurs during the
fracturing process. Further material factors for tension and compression are specified in the
mathematical formulation of the CDP model that allows simulating accurately the behavior
of the material in a complex state of stress. The yield surface is provided by hardening
variables expressing equivalent plastic strains: by two hardening variables representing
equivalent plastic strains: ’éfl and Efl, linked to failure mechanisms under tension and
compression loading, respectively. To control damage evolution of the material stiffness
degradation scalar value d, tensile damage variable d;, compressive damage variable d,
are applied (SDEG, DAMAGET and DAMAGEC, respectively).

Equivalent plastic strain €' (marked in the ABAQUS/Standard as PEEQ—for compres-
sion, PEEQT—for tension) describes total plastic strain level in elements. This parameter
allows to determine increases of plastic strain for every step of analysis and to follow the
process of strain accumulation. Tensile and compressive stiffness degradation parameters
depend on the level of equivalent plastic strain g”':

d. = d. (&) (6)
dy = di(@) )

The behavior of masonry material structural parts is diverse compared to concrete
material elements (the main feature of masonry is anisotropy). The primary conditions and
assumptions, at which the BM can be realized for masonry material structures, have been
presented in [22]. In this work, the major factors for the investigated masonry vault were
assumed on the basis of Table 1 and [28,29] as follows: E = 9.48 GPa (elasticity modulus),
o = 1800 kg/ m?> (mass density), v = 0.16 (Poisson’s ratio), f. = 12.30 MPa (compressive
strength), f; = 2.00 MPa (tensile strength). The constitutive parameters of BM were adopted
as follow: § = 38° (dilation angle), m = 1 (eccentricity of the plastic potential surface),
f = 1.5 (ratio of initial equibiaxial compressive yield stress to initial uniaxial compressive
yield stress), K. = 0.6 (coefficient determining the shape of the deviatoric cross-section),
u = 0 (viscosity parameter) [29]. The scalar damage variable for compression and tension
are delivered in Table 2. Both scalars are depended on the crushing or cracking strains.
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Table 2. Constitutive parameters of the Barcelona Model (BM) [29].

Tension Stiffening Tension Damage

[SI&I?‘ZS] Cracking strain [—] [l;f)] Crackl[rlg] strain

0.20 0.00 0.00 0.00

0.05 0.000792 0.75 0.000792

Compression Hardening Compression Damage
Stress . . d Crushing strain
Crushing strain [— ¢ &

[MPa] ushing strain (] ] ]

2.00 0.00 0.00 0

0.5 0.007920 0.75 0.00792

In the second variant of the vault the strengthening system was applied. The elas-
tic material parameters of the composite material C-FRCM were assumed as follows:
E = 240 GPa (elasticity modulus), p = 1.78 g/cm? (mass density) and v = 0.26 (Poisson’s
ratio) [20].

2.4. Data of the Seismic Sequence

In the numerical dynamic simulations, seismic events registered in Mascioni in the
Province of L'Aquila, Italy, were used as kinematic loadings of the structure [18]. The
Richter magnitude (ML) of the first shock equal to 5.4, whereas the ML of the second and
third shock equal to 5.3 and 5.1, respectively. Time histories of accelerations of the sequence
of the seismic events in three directions are presented in Figures 9-11. The peak ground
accelerations (PGA) of the kinematic loadings are delivered in Table 3. The accelerations
were applied in three directions to the FE model.

Table 3. The peak ground accelerations (PGA) of the seismic shocks.

The Peak Ground Accelerations (PGA) [cm/s?]

Date Seismic Event
E-W N-S Vertical
2017-01-18 10:14:12 1st shock 203.92 247.21 125.18
2017-01-18 10:25:26 2nd shock 208.57 265.97 157.55
2017-01-18 13:33:37 3rd shock 123.40 153.85 64.28
300+
d_l
o
E 0
2,
b3
® 300
300
d—
0
E 0
©,
)
® 300
300
d_|
0
£ °'WMWWWM
oA
N
o
-300 T T T T T T T T T

Time [s]

Figure 9. Time histories of acceleration in three directions of the 1st shock.
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Figure 10. Time histories of acceleration in three directions of the 2nd shock.
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Figure 11. Time histories of acceleration in three directions of the 3rd shock.

2.5. Methods of Dynamic Investigation

The dynamic assessment of the masonry vault under the examined seismic loadings
was made using full-time history analysis (THA). It was completed with the Hilber-Hughes—
Taylor time integration algorithm implemented in the ABAQUS/Standard software pro-
gram for a direct step-by-step calculation [24]. The integration step varied in the range
from 107> to 1072 s, regarding convergence requirements since the progressive damage
and failure model of masonry elements implements strong material nonlinearity. In the
calculations, the time shift between the first, second and third seismic events equaled
1 s and was applied as a quasi-static step realized by implicit dynamic analysis [24]. As
demonstrated, the total unloading of the FE model, between examined seismic events, was
realized.

Damping properties of the structure were implemented by the Rayleigh model of
damping. Damping factor values were assumed for masonry material structures [11]. For
the used model of damping coefficients & (for mass proportional damping) and 3 (for
stiffness proportional damping) were applied. The values were calculated for damping
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ratios of 3.0%. Such factors of the Rayleigh model of damping were defined as the properties
of material since ABAQUS/Standard provides this as a part of the material formulation [24].

3. Results

For the assessment of the influence of the investigated seismic sequence on the ma-
sonry vault, the distribution of the following BM variables was analyzed: tensile equivalent
plastic strain (PEEQT), tensile damage variable (DAMAGET), compressive equivalent
plastic strain (PEEQ), compressive damage variable (DAMAGEC), stiffness degradation
variable (SDEG).

The propagation of the BM variables of the masonry material vault, which is not
strengthened with composite material, are presented in Figure 12 as results of the vault
response to the 1st (Figure 12a), the 2nd (Figure 12b) and the 3rd shock (Figure 12¢). In
Figure 12 the plastic zones and emergent plastic zones are delivered. It can be observed
that the first significant plastic zone on the unstrengthened masonry vault manifests
immediately after the 1st shock (Figure 12a). After the 2nd foreshock, the plastic zone
increased and also some new areas become plastic (Figure 12b). After the 3rd shock the
plastic zones increased. However, the new areas of plasticization did not appear. The
areas affected by plasticization after the full sequence of seismic events, located throughout
the whole thickness of the vault in the key points of the extreme left and right spans, are
evidently noticed. Clearly visible plastic zones occurred also above the support areas of
each span. In simulations based on the second variant of the model (strengthened with the
C-FRCM composite), it should be highlighted that the plastic zones emerged only after the
entire seismic sequence (see Figures 13b and 14b).

The observed location of the masonry material plasticization indicated areas which
potentially may undergo tensile damage and loss of stiffness. The distribution of cracking
after the whole seismic sequence, in terms of the tensile damage variable (DAMAGET), are
compared in Figure 13 for both variants: the unstrengthen masonry vault and the vault
strengthened with the C-FRCM composite material. Next, the distribution of the loss of
stiffness, in terms of the stiffness degradation variable (SDEG) for both variants, are shown
in Figure 14a,b, respectively.

The comparisons presented in Figures 13 and 14 explicitly indicated positive influence
of the strengthening system on the dynamic performance of the masonry monument. In
the case of the unstrengthened vault both variables, the level of cracking and stiffness loss,
reached 90% (indicated by the red zones in Figure 13a and the red points in Figure 14a,
respectively). In the case of the vault strengthened with the C-FRCM system the tensile
damage level is significantly lower—the value of the DAMAGET variable did not exceed
30% (indicated by the green zones in Figure 13a). In the case of the strengthened variant of
the vault the loss of the total stiffness is significantly smaller compared to the case of the
unstrengthen structure (see Figure 14b).
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PEEQT
(Avg: 75%)

+1.000e-01
+9.167e-02
+8.333e-02
+7.500e-02
+6.667e-02
+5.833e-02
+5.000e-02
+4.167e-02
+3.333e-02
+2.500e-02
+1.667e-02
+8.333e-03
+0.000e+00

PEEQT

(Avg: 75%)
+2.500e-01
+2.292e-01
+2.083e-01
+1.875e-01
+1.667e-01
+1.458e-01
+1.250e-01
+1.042e-01
+8.333e-02
+6.250e-02
+4.167e-02
+2.083e-02
+0.000e+00

PEEQT
(Avg: 75%)

+2.600e-01
+2.383e-01
+2.167e-01
+1.950e-01
+1.733e-01
+1.517e-01
+1.300e-01
+1.083e-01
+8.667e-02
+6.500e-02
+4.333e-02
+2.167e-02
+0.000e+00

(c)

Figure 12. Tensile equivalent plastic strain (PEEQT) due to: (a) the 1st; (b) the 2nd and (c) the 3rd
shock.



Appl. Sci. 2021, 11, 1015 13 0f 15

SDEG

(Avg: 79%)
+2.000e+00
+1.750e+00

-7.500e-01
-1.000e+00

SDEG
(Avg: 75%)
+2.000e+00

+2.500e-01
+0.000e+00

-7.500e-01
-1.000e+00

(b)

Figure 13. Distribution of the stiffness degradation variable (SDEG) for: (a) the first variant of
model—the unstrengthen vault; (b) the second variant—the vault strengthened with the FRCM.

DAMAGET

(&vg: 75%)
+2.000e+00
+1.833e+00
+1.667e+00
+1.500e+00
+1.333e+00
+1.167e+00
+1.000e+00

DAMAGET

(Awg: 75%)
+2.000e+00
+1.833e+00
+1.667e+00
+1.500e+00
+1.333e+00
+1.167e+00
+1.000e+00

+1.6678-01
+0.000e+00

(b)

Figure 14. Distribution of the tensile damage variable (DAMAGET) for: (a) the first variant of
model—the unstrengthen vault; (b) the second variant—the vault strengthened with the FRCM.
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4. Conclusions

Numerical evaluation of the plastic behavior and progress of the damages to a masonry
material vault exposed to the full foreshock-mainshock-aftershock seismic sequence was
carried out using the Barcelona Model and ABAQUS/Standard software. Two variants of
the structure were analysed: the unstrengthen vault and the vault strengthened with the
carbon fiber reinforced cementitious matrix (C-FRCM).

The results showed that the full foreshock-mainshock-aftershock seismic sequence
can cause considerable damages in structural parts of the studied masonry vault. The
propagation of plastic strain and damages permitted assessment of the impact of the full
foreshock—-mainshock-aftershock sequence on the masonry structural part. The results
indicate that the first plastic zone of the unstrengthened masonry material vault manifests
after the first shock.

Based on the results of the simulations, it is obvious that numerical analysis with
the non-linear constitutive material models of masonry parts are practical and efficient
mathematical tools. Taking into consideration the effects of the analysis, it is possible to
determine the probable location of the zones damaged by the destruction process during
the kinematic loading caused by the whole seismic sequence. Hence, the chosen, as well as
elaboration of strengthening of a masonry structure is possible.

Regarding, the historical value of the investigated structure the techniques that would
allow the least possible intervention in the historical tissue of the structure is strongly
recommended. The recovery, as well as reinforcement of the earthquake resistance of
masonry material parts of the vault, can be accomplished by application of the composite
materials. The received distribution of the tensile damages and loss of stiffness of the
masonry vault due to the full seismic sequence enables the preparation of the proposal
of strengthening the old monumental structure with particular composite materials (e.g.,
the carbon fiber reinforced cementitious matrix). From the numerical examination, it is
strictly visible that this type of strengthening makes the structure more durable regarding
the seismic loading.
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