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Abstract
This paper presents numerical simulations within the frame of the project SERA—AIMS 
(Seismic Testing of Adjacent Interacting Masonry Structures). The study includes blind 
pre-diction and post-diction stages. The former was developed before performing the shak-
ing table tests at the laboratory facilities of LNEC (Lisbon), while the latter was carried out 
once the test results were known. For both, three-dimensional finite element models were 
prepared following a macro-modelling approach. The structure consisted of a half-scaled 
masonry aggregate composed by two units with different floor levels. Material properties 
used for the pre-diction model were based on preliminary tests previously provided to the 
participants. The masonry constitutive model used for the pre-diction study reproduced 
classical stress–strain envelope, whereas a more refined model was adopted for the post-
diction. After eigenvalue analysis, incremental nonlinear time history analysis was per-
formed under a unique sequence based on the given load protocol to account for damage 
accumulation. In the post-diction, the numerical model was calibrated on the data recorded 
during the shaking table tests and nonlinear dynamic analysis repeated under the recorded 
accelerogram sequence. The interaction between the two units was simulated through 
interface elements. Moreover, the timber floors were accounted following different strat-
egies: not modelling or considering nonlinear wall-to-floor connections. Advantages and 
disadvantages are then analysed, comparing the pre-diction and post-diction results with 
the experimental data. Numerical results differ from the experimental outcomes regarding 
displacements and interface pounding, although a clear improvement is visible in the post-
diction model.

Keywords  Buildings interaction · Pounding · Wall-to-floor connection · Incremental 
dynamic analysis · Nonlinear time history analysis finite element modelling · Stone 
masonry aggregate

 *	 N. Bianchini 
	 nicoletta.bianchini@gmail.com
	 https://www.isise.net

1	 Department of Civil Engineering, ISISE, University of Minho, Guimarães, Portugal

http://crossmark.crossref.org/dialog/?doi=10.1007/s10518-023-01641-x&domain=pdf
http://orcid.org/0000-0003-4706-1815
http://orcid.org/0000-0002-8422-7303
http://orcid.org/0000-0003-1684-8826


	 Bulletin of Earthquake Engineering

1 3

1  Introduction

Ancient unreinforced masonry (URM) buildings are often composed of masonry walls 
with timber floors and roofs. In European city centres, they have been typically constructed 
in continuity one to each other over centuries, resulting in complex aggregates of adja-
cent URM buildings (i.e. structural units) with a large variety of geometries, materials and 
construction techniques (Giuffré 1993; Carocci 2012). Despite the formidable inventory 
of these buildings, they present some common features that make them highly vulnera-
ble to earthquakes. Such features include, but are not limited to, the low masonry tensile 
strength and the poor connection between structural elements—namely wall-to-floor (WF), 
wall-to-wall (WW) and unit-to-unit (UU) connections—and the low in-plane stiffness of 
timber floors (Bruneau 1994; Miha Tomaževič 1999; Lourenço et al. 2011; Solarino et al. 
2019). As a result, out-of-plane (OOP) failures of masonry walls typically occur in URM 
buildings and aggregate, as confirmed in past earthquakes observations (D’Ayala and Paga-
noni 2011; Dizhur et  al. 2011; Penna et  al. 2014; Sorrentino et  al. 2019; Stepinac et  al. 
2021) and previous experimental tests carried out at building level (Tomaževič et al. 1991; 
Tomaževič 1992; Benedetti et al. 1998; Mazzon et al. 2010; Senaldi et al. 2014; Vintzileou 
et al. 2015).

Among different numerical methods, nonlinear analysis on finite element (FE) models 
using macro-modelling approach is widely used for the seismic assessment of historical 
masonry buildings (Lourenço 2002; Roca et al. 2010; D’Altri et al. 2019). However, there 
are several critical questions which arise when simulating the behaviour of such build-
ings, such as the choice of proper modelling assumptions (Angelillo 2014; Saloustros et al. 
2020; Ciocci et  al. 2018; Álvarez et  al. 2019). In this regard, the accurate simulation of 
structural connections and timber floors represents a major challenge, as also evidenced by 
recent numerical studies (D’Altri et al. 2018; Castellazzi et al. 2018; Aşıkoğlu et al. 2020; 
Parisse et al. 2021; Puncello et al. 2022).

For the connections between structural elements, common choices involve simplifica-
tions in current practice, as their construction details are typically unknown and limited 
experimental data on their structural behaviour are currently available. In most cases, they 
are simulated as perfect connection/disconnection depending on the quality of existing 
links, while the real condition provided is somewhat in between. Timber floors are typi-
cally neglected or modelled assuming linear elastic behaviour. The first approach is typi-
cally adopted when the efficiency of WF connections is assumed to be so weak to dis-
rupt the continuous transfer of loads to the rest of the structure. The second assumption is 
corroborated by the fact that no significant damage in timber floor prior to the failure of 
WF connection is typically observed. Consequently, the definition of a proper nonlinear 
behaviour of WF connections is fundamental for an accurate numerical prediction of URM 
seismic response.

This paper presents a numerical study carried out for the pre- and post-diction competi-
tions organised within the SERA—AIMS project (Tomić et al. 2022a, b). The study aims 
at simulating the behaviour of a half-scale stone masonry aggregate, subjected to shak-
ing table testing at LNEC facilities. Section 2 describes the pre-diction finite element (FE) 
models in terms of geometry, morphology, connections and support conditions. Two FE 
models are considered in the blind prediction, namely FEM-4 and FEM-5. They differ in 
the modelling strategy adopted for the timber floors: FEM-4 implements timber beams 
with nonlinear WF connections, while FEM-5 does not model timber floors. The results 
obtained by performing incremental dynamic analysis on the two pre-diction models are 
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then compared in Sect. 3, with regard to the shaking table results. Based on the additional 
information provided by the experimental tests, an updated model is put forward for the 
post-diction study, i.e. FEM-PS-5 (Sect. 4). In Sect. 5, the results obtained from FEM-PS-5 
are discussed quantitatively (base shear forces and displacements) and qualitatively (crack 
pattern), and then compared with the shaking table testing results.

2 � Description of the pre‑diction models: FEM‑4, FEM‑5

The case study is a 4.95 × 2.50 m2 half-scale test specimen of a two-unit masonry aggre-
gate constructed with double-leaf irregular stone masonry walls, timber floors simply 
supported on the walls, and dry connection between the units. The wall thickness of the 
masonry aggregate ranges between 35 and 25 cm, and 15-cm-thick spandrels are beneath 
the openings. As shown in Fig. 1, the two units differ for number of storeys, interstorey 
height and beam orientation. Further details about the aggregate test specimen can be 
found in Tomić et al. (2022a, b).

The models used in the pre-diction study, namely FEM-4 and FEM-5, are built in 
GiD + OpenSees (Papanikolaou et al. 2017), which allows pre- and post-processing of the 
numerical results, and a macro-modelling approach is adopted in OpenSees v.3.0.3 (McK-
enna et  al. 2000). The two models consider the same modelling assumptions, except for 
timber floors. As mentioned by Tomić et al. (2022a, b), the timber beams are simply sup-
ported on the masonry walls representative of a rather weak WF connection.

Therefore, two different modelling strategies are adopted: FEM-4 implements timber 
beams which are connected to the walls by means of a hysteretic uniaxial model that is 
calibrated on the experimental data obtained by Moreira 2015 on poor WF connections 
(Fig. 2a), while FEM-5 does not model the timber floors (Fig. 2b).

For the specific case study, the interaction between the structure and the shake table is 
neglected; therefore, fixed based boundary conditions are assumed at the foundation.

The numerical models adopt the same geometry of the test specimen aggregate at 1:2 
reduced scale, according to Tomić et  al. (2022a, b). Masonry walls and timber lintels 

Fig. 1   Stone masonry aggregate test specimen adopted in the experimental campaign carried out by Tomić 
et al. (2022a, b): a floor plan; b 3D view
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are modelled through 8-node StBrick (Love and Sandia National Laboratories 2018) ele-
ments, using a structured mesh with characteristic length of 5 or 10 cm: in this way, a 
minimum of three nodes is guaranteed along the thickness of the masonry walls. The 
constitutive material model used for masonry is based on Faria et  al. (1998), which 
reproduces the classical stress–strain envelopes, strength enhancement for confinement, 
and residual compression strain upon load reversals (Fig.  3). As the adopted material 
model does not allow for the definition of density, masonry masses are distributed on 
each element node according to the element size. The material properties adopted for 
masonry are summarised in Table 1. The tensile and compressive strengths are assumed 
based on the vertical and diagonal compression tests carried out by Guerrini et  al. 
(2017, 2019) and Senaldi et al. (2018).

To define the required damage parameters and the plastic deformation, preliminary 
numerical analyses were carried out simulating the in-plane shear tests which were per-
formed within the same experimental program (Senaldi et al. 2018). These analyses also 
allowed to calibrate the Young’s modulus of masonry, resulting in a value of 2.0 GPa. 
The indexes reported in Table 1 take into account the response in terms of damage and 
plasticity under “loading”, “unloading” and “reloading” actions, and can range from 
fully damage response to fully plastic behavior. In this way, it is possible to calibrate 

Fig. 2.   3D views of the structured mesh of the models submitted to the SERA—AIMS blind pre-diction 
competition: a FEM-4 w/ beams; b FEM-5 w/o beams

Fig. 3   Plastic-damage material 
constitutive model adopted for 
masonry (Faria et al. 1998)
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the energy dissipation due to hysteresis. As regards the plastic deformation coefficient, 
it indicates whether the material model considers plastic or solely elastic-damage effects 
(Faria et al. 1998).

With regard to the timber beams modelled in FEM-4, linear elastic isotropic behaviour 
is assumed. The mean values of density and Young’s modulus parallel to the grain are 
adopted according to UNI EN 338 (2016), assuming a timber class C22.

The UU connection, which interests the contact between Unit 1 and Unit 2, is mod-
elled as a 3D interface by means of zeroLengthImpact3D elements (Arash et al. 2014). The 
adopted material model is based on simplified Hertz impact theory and Coulomb friction 
theory, allowing to reproduce pounding/impact and friction interaction at the interface. The 
response of the adopted impact material model is presented in Table  2 and Fig.  4. The 
energy dissipated during an impact is function of Kh , which represents the impact stiffness 
parameter, and the maximum penetration ( δm ) during the pounding event. The δm value is 

Table 1   Material properties adopted for masonry and timber in the pre-diction numerical model

*Value provided from the experimental characterisation tests

Masonry properties Timber

Young’s modulus E [MPa] 2000.0 10,000.0
Poisson’s ratio υ [−] 0.14* 0.30
Density [kg/m3] 1980* 410.0
Compressive strength fc [MPa] 1.30*
Tensile strength ft [MPa] 0.17*
Damage parameter in compression An [−] 2.0
Damage parameter in compression Bn [−] 0.7
Damage parameter in tension Ap [−] 1.0
Plastic deformation coefficient β [−] 0.4

Table 2   UU connection 
properties Kh [ Nm−3∕2] δm[mm] δy[mm] μ[−] c[MPa]

1e + 09 10.0 1.0 0.6 0.0

Fig. 4   Response of impact 
material model used for the UU 
connection
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assumed as 10 mm and defines the yield parameter of the material as δy = 0.1 × δm . The 
friction coefficient ( μ ) and the cohesion ( c ) values are assumed of 0.6 and 0.0 MPa, respec-
tively, as suggested in literature (Vasconcelos et  al. 2008; Lourenço and Ramos 2004; 
Casapulla and Portioli 2016). A good connection is assumed between the orthogonal walls 
of the aggregate (Tomić et al. 2022a, b); therefore, the WW connection is modelled as a 
continuum between the masonry solid elements.

As mentioned above, the FE models implement two different modelling strategies to 
simulate the timber floors weakly connected to the walls. In FEM-4, truss elements with 
linear elastic isotropic behaviour are used to model the timber beams. The WF connection 
is simulated as a single axial spring-like element by means of zeroLengthElement (Fenves 
2014) with nonlinear behaviour (Table 3 and Fig. 5). The adopted hysteretic material model 
allows for pinching and cyclic degradation (Scott and Filippou 2016). The input parameters 
are calibrated according to the experimental pull-out tests performed by Moreira 2015. 
These tests were carried out on unstrengthened WF connections, reasonably representing 
the configuration adopted by Tomić et al. (2022a, b). More details on the calibration of the 
axial hysteretic law adopted for WF connections can be found in Solarino et al. (2021). In 

Table 3   Hysteretic material properties set for WF connections

Description Symbol Value

Envelope points in the positive direction A+, B+, C+ A+  = (0.4 mm; 4.0 kN)
B+ = (40.0 mm; 4.1 kN)
C+  = (42.0 mm; 0.4 kN)

Envelope points in the negative direction A−, B−, C− A− = (5.0 mm; 100.0 kN)
B− = (10.0 mm; 200.0 kN)
C− = (20.0 mm; 300.0 kN)

Pinching factor for deformation during reloading pinchX 0.75
Pinching factor for force during reloading pinchY 0.1
Damage due to ductility D1 0.0
Damage due to energy D2 0.0
Power used to determine the degraded
unloading stiffness based on ductility

β 0.0

Fig. 5   Hysteretic material model 
used for WF connections



Bulletin of Earthquake Engineering	

1 3

FEM-5, the timber floors are not modelled, and the tributary floor masses are assigned to 
the corresponding nodes of the masonry walls.

3 � Pre‑diction: analysis and results

Models FEM-4 and FEM-5 are utilised for the blind pre-diction challenge performing non-
linear dynamic analyses with time integration. To introduce additional damping due to non-
linear phenomena, the viscous damping matrix � is assumed using Rayleigh formulation as 
a linear combination of the mass � and the stiffness � matrices, i.e. � = αM� + βK� 
(Chopra 2012). It is worth to mention that a current stiffness matrix approach is used, and 
hence damping matrix updates when the tangent stiffness changes (Charney 2008). The 
mass and stiffness proportional damping constants, αM and βK , are calculated with a value 
of 3.96853 and 0.0001897 respectively (Fig. 6). These values are estimated considering a 
damping ratio � of 3%, and the first ten modal frequencies which excite around the 70% of 
the cumulative participation masses in X and Y directions. The value of damping ratio is 
assumed based on previous numerical studies on existing masonry buildings (e.g. Mendes 
and Lourenço 2014; Parisse et al. 2021). It is worth noting that for model FEM-4 the eigen-
value analysis is performed by neglecting floor trusses in order to evaluate a wider range 
of reasonable global modes. As a result, the first natural frequency is about 15 Hz for both 
numerical models.

The nonlinear dynamic analysis is performed based on the Hilber-Hughes-Taylor 
(HHT) time integration method (Hilber et al. 1977), also known as the α-method. Being an 
extended version of the Newmark method, in the HHT method a further numerical damp-
ing can be introduced. This allows to deal with the noise caused by the abrupt change in 
masonry from an elastic to fully cracked state with zero stiffness variation. HHT method 
is used adopting a α value of 0.9, calculated on the basis of α = αHHT + 1 where αHHT is 

Fig. 6   Rayleigh damping coefficient distribution and frequency bandwidth
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assumed to be − 0.1 according to the literature (Mendes and Lourenço 2010). As concerns 
the time step, Δt is defined as 0.003536  s, taking into account the requirements arising 
from the total duration of the analysis, the lowest frequency obtained for the numerical 
model (Mendes and Lourenço 2010), as well as the Cauchy-Froude similitude law related 
to the half-scale factor of the test specimen (Carvalho 1998).

In the pre-diction analysis, the two horizontal components of the 1979 Montenegro 
earthquake Albatros station records are used as seismic input in the numerical analysis. 
It is noted that, the time reflects the similitude law due to the reduced scale of the test 
specimen. To simulate the incremental dynamic test and the consequent damage accumula-
tion, the seismic signals of the entire experimental sequence are applied as a single ground 
motion. This choice requires a new set of filters and baseline correction, which are properly 
implemented in the incremental dynamic analysis (IDA). As preliminary transient anal-
yses showed no significant influence of the 25% and 50% test sequences (Runs 1.1–1.3 
and Runs 2.1–2.3), the incremental loading sequences shown in Table 4 are applied to the 
numerical models. Therefore, the total duration of the performed IDA analyses is 352.4 s 
for FEM-4 and 235.4 s for FEM-5 (Fig. 7).

The numerical pre-diction results are investigated in terms of maximum absolute 
value of base shear forces (BSx, BSy), roof displacements (Rd2–Rd3) and interface 
openings (Id3–Id4). The selected quantities are presented in Fig. 8. Figure 9 compares 
the results obtained for FEM-4 and FEM-5, per each run. Base shear forces clearly 
reflect the main direction of the earthquake and increase with increasing PGA level. 
A similar response in terms of base shear and displacements is observed at Run 3.1 for 
both models, also confirming the negligible influence of the previous discarded runs for 
FEM-5 (i.e. Runs 2.1–2.3). At Run 3.1, the maximum absolute value of BSy is 143 kN 
and 139 kN for FEM-4 and FEM-5, respectively. After Run 3.3, FEM-5 undergoes about 
two times higher values for roof displacements and interface opening when compared to 
FEM-4. At the end of the entire loading sequence (Run 4.3), FEM-4 presents a maxi-
mum Rd2 value of 35 mm, while FEM-5 registers about 56 mm. This is probably due 
to the presence of WF connections in FEM-4 that counteracts the separation of opposite 
walls. Indeed, the maximum wall-to-floor slip attained at second floor of Unit 2 solely 

Table 4   Nominal SERA AIMS shake-table testing sequence and runs adopted in the pre-diction numerical 
models

Run id Direction Level of shake Nominal PGA FEM-4 FEM-5

1.1 Y 25.0% 0.219 g Discarded Discarded
1.2 X 25.0% 0.156 g Discarded Discarded
1.3 X,Y 25.0% 0.219 (y)/0.156 (x) g Discarded Discarded
2.1 Y 50.0% 0.438 g ✓ Discarded
2.2 X 50.0% 0.313 g ✓ Discarded
2.3 X,Y 50.0% 0.438 (y)/0.313 (x) g ✓ Discarded
3.1 Y 75.0% 0.656 g ✓ ✓
3.2 X 75.0% 0.469 g ✓ ✓
3.3 X,Y 75.0% 0.656 (y)/0.469 (x) g ✓ ✓
4.1 Y 100.0% 0.875 g ✓ ✓
4.2 X 100.0% 0.625 g ✓ ✓
4.3 X,Y 100.0% 0.875 (y)/0.469 (x) g ✓ ✓
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corresponds to 2% of the total displacement capacity of the connection, far enough 
from the failure. This is due to the fact that the WF connections implemented in FEM-4 
remain in the elastic range. Hence, the OOP mechanism of the façade is counteracted by 
the timber beams in FEM-4, leading to a lower Rd2 value when compared to FEM-5.

As mentioned in Tomić et al. (2022a, b), the nominal spectra and PGA of Run 3.1 are 
rather close to the effective spectra and PGA of Run 2.1. For this reason, the response 
predicted by FEM-4 and FEM-5 for Run 3.1 is compared to the experimental results of 
Run 2.1. Figure 10 shows the comparison in terms of the selected results. It is noted that 
the numerical and experimental results are plotted removing the offsets due to the previ-
ous runs. The shape of the numerical displacement time histories matches rather well 
with the measured results, suggesting a good estimation of the damping parameters and 
no vibratory response (Panella et al. 2017). It is to be noted that the experimental and 
numerical maximum displacements occur at similar time. However, these values are sig-
nificantly underestimated by the numerical models, as also the UU interface openings. 
This might also be attributed to the additional three runs at 12.5% (i.e. Runs 0.1–0.3) 
which were actually added at the experimental testing phase (Tomić et al. 2022a, b). In 

Fig. 7   Acceleration time histories of the Montenegro 1979 earthquake recorded at the Albatros station 
applied to the pre-diction numerical models: a X-direction; b Y-direction

Fig. 8   Compared quantities for 
the blind pre-diction study
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terms of base shear, FEM-4 predicts the maximum and minimum BSy values with an 
error of 30% an 13% respectively, while FEM-5 has an error of 27% and 18%.

The crack pattern predicted by the numerical models is presented through principal ten-
sile strains, being a good damage index according to Mendes and Lourenco (2010). It is 
noted that the tensile strains shown in Fig. 11 correspond to a specific time step, i.e. when 
the maximum base shear value is obtained for FEM-4 and FEM-5. When compared to 
FEM-5, FEM-4 shows OOP overturning mechanisms that are counteracted, since the WF 
connections remain in the linear elastic range.

Fig. 9   Comparison between the numerical results obtained from FEM-4 and FEM-5: maximum absolute 
values of base shear forces, displacements and interface openings
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When comparing with the experimental observations, both models correctly predict less 
cracking in Unit 1 with respect to Unit 2. In Unit 2, cracking is observed close to the open-
ing of Façades 2 and 3 for both models, being more significant in FEM-5. FEM-4 predicts 
shear cracking while the behaviour observed experimentally is purely flexural. Though 
with less crack propagation, FEM-5 correctly predicts the flexural mechanism in the upper 
storey of Facades 2 and 3. In addition, FEM-5 captures the horizontal cracking at the base 
of Façade 5, as well as the pounding interacting between the two units. The experimental 
evidences show an OOP mechanism for Façade 4, which involves also the transversal walls 
and Façade 5. Although the development of this mechanism is reproduced in FEM-4, the 
displacements are restricted by the presence of the floor beams. On the other hand, the 
OOP mechanism of Façade 4 is fully developed in FEM-5, yet not involving the rest of the 
structure as in the experimental observations.

Fig. 10   Comparison between the experimental results (Run 2.1) and numerical results (Run 3.1): base 
shear, displacement and interface opening time histories
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4 � Description of the post‑diction model: FEM‑PS‑5

Based on the pre-diction investigations and the shaking table results, the assumption of 
neglecting timber floors seems to be more suitable for simulating the observed experi-
mental response. Thus, the numerical model without beams is selected to carry out the 
post-diction study. The information gained from the experimental tests are then used to 
improve the numerical simulation, and the model is updated into FEM-PS-5. The modi-
fications carried out between the pre-diction and post-diction phases are summarised in 
Fig. 12.

Still adopting a macro-modelling approach in OpenSees software (McKenna et  al. 
2000), FEM-PS-5 is constructed in STKO graphical interface for pre- and post- pro-
cessing (Petracca et al. 2017a), allowing to implement a further refined damage model 
for masonry, i.e. Damage TC3D. Being based on the work carried out by Faria et  al. 
(1998), this model put forward by Petracca et al. (2017a, b) and Petracca and Camata 
(2019) allows to account for residual plastic strains due to damage both in compres-
sion and tension, as shown in Fig.  13. In addition, it permits to implement a mixed 
IMPLicit-EXplicit integration scheme (IMPL-EX), being more stable and effective in 
case of masonry structures.

Another important update adopted in FEM-PS-5 concerns the Young’s modulus 
value for masonry. As mentioned by Tomić, Penna and Dejong (2022a, b), the first fun-
damental frequency obtained experimentally for the undamaged structure is approxi-
mately 7.7  Hz, corresponding to a fundamental period of 0.13  s. As the experimen-
tal information is limited only to the first natural frequency of the aggregate structure, 
this value is then adopted as target frequency while performing the model updating on 

Façade 1 Façade 2 Façade 3 Façade 4 Façade 5

(a)

Façade 1 Façade 2 Façade 3 Façade 4 Façade 5

(b)

Façade 1 Façade 2 Façade 3 Façade 4 Façade 5

(c) 

Fig. 11   Comparison between the numerical results in terms of crack pattern: a FEM-4 for Run 3.1; b 
FEM-5 for Run 3.1; c the experimental results for Run 2.1
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FEM-PS-5 with the aim to calibrate elastic material properties. However, matching the 
natural frequency obtained experimentally results in adopting a significant low value 
of E for masonry. With the aim to keep the Young’s modulus value of masonry in a 
reasonable range, the lower bound limit value that is suggested by the Italian code (Min-
istero delle Infrastrutture e Trasporti 2019) for same masonry typology is adopted in 
FEM-PS-5, i.e. E = 690MPa (Fig. 12). It is noted that, when adopting this E value, the 
first frequency obtained numerically is about 9.9 Hz, significantly lower than the value 
obtained in the pre-diction phase (15 Hz). Thus, the error drops from 92% (FEM-5) to 
28% (FEM-PS-5) when compared to the experimental frequency.

Fig. 12   Comparison between the pre- and post-diction models

(a) (b)

Fig. 13   Damage TC3D material model used for masonry: a compressive cyclic behaviour; b tension cyclic 
behaviour (Petracca et al. 2017a, b)
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Reflecting the decrease in the Young’s modulus value of masonry, a lower value of 
compressive strength is assumed in FEM-PS-5. The compressive strength fc is equal to 
0.69 MPa, calculated using the relation fc = E∕α by assuming a value of α = 1000 , as sug-
gested in Eurocode 6 (CEN 2001), and a value of E equal to 690 MPa. Accordingly, also 
the tensile strength ft is decreased to a value of 0.07 MPa, as reported in Fig. 12, adopting 
the relation ft = 0.1 × f c also suggested in Eurocode 6 (CEN 2001). As regards the other 
material parameters required for the Damage TC3D material model, the values are evalu-
ated according to literature (Angelillo 2014).

Based on the information obtained experimentally, the impact behaviour for pounding 
of UU connections was also calibrated in FEM-PS-5. As shown in Fig.  10, the relative 
displacement Id3 reaches a maximum value of 20  mm, corresponding to the maximum 
value of impact at the level of the U-U connection. This aspect is considered to update the 
δm value, as shown in Fig. 12. As regards the parameters to simulate the UU connection 
behaviour in shear, the assumptions made in the pre-diction study are kept (Fig. 12).

Following the same methodology adopted for FEM-5, nonlinear incremental dynamic 
analysis is performed on FEM-PS-5 for the post-diction. For the Rayleigh damping model, 
the αM and βK constants are updated by performing eigenvalue analysis on FEM-PS-5, and 
keeping � = 3% as it results to be a reasonable value based on the blind pre-diction results. 
As a consequence, αM = 2.99521 and βK = 0.000189885 are set in FEM-PS-5.

5 � Post‑diction: analysis and results

As mentioned by Tomić et al. (2022a, b), the actual testing sequence differs from the origi-
nal plan. Hence, the actual testing sequence is adopted as seismic input in the post-diction 
numerical analysis. Implementing the recorded input, no need of scaling the time step is 
required for the post-diction. Therefore, the Δt adopted for the HHT method is set equal 
to the time step of the applied input, i.e. Δt = 0.005 s. As a major influence of the seismic 
excitation in Y-direction is observed experimentally, the analysis considers the runs with 
the excitation applied in this direction, namely: Runs 0.1, 0.3, 1.1, 1.3 and 2.1 (Table 5 and 
Fig. 14). Similarly, to the pre-diction analysis, the excitations are applied at the base of the 
model as a unique input, to take into account the accumulation of damage during time. As 
follows, the total duration of the post-diction IDA analysis is equal to 195 s.

The post-diction results are again investigated in terms of maximum absolute values 
per each run (Fig. 15a), as well as in terms of displacements time histories at the Run 2.1 
(Fig. 15b). The selected quantities are the base shear force in Y-direction (BSy), roof dis-
placement (Rd2) and interface opening (Id3). As it is possible to observe in Fig. 15a, the 

Table 5   List of experimental 
runs evaluated in the post-diction 
numerical analysis on FEM-PS-5

*Measured during the shaking table tests

Run notation Direction Level of shaking Effective PGA*

0.1 Y 12.5% 0.113 g
0.3 Y 12.5% 0.113 g
1.1 Y 25.0% 0.170 g
1.3 Y 25.0% 0.208 g
2.1 Y 50.0% 0.593 g
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numerical model reflects rather well the behaviour observed experimentally being charac-
terised by two main responses: an almost linear trend between Run 0.1 and Run 1.3, and 
a nonlinear behaviour at Run 2.1. The latter is due to the occurrence of several cracks in 
the masonry walls that concur to reduce the stiffness of the structure induced by the high 
excitation at this run.

At the end of the entire loading sequence (Run 2.1), FEM-PS-5 predicts maximum BSy 
values of 148 kN and 127 kN in the positive and negative direction, being not significantly 
different from the values obtained in the pre-diction phase. When compared to the experi-
mental results (Fig. 15b), the BSy error is 36% and 22% respectively. A general improve-
ment in terms of displacements is observed for FEM-PS-5, with Rd2 and Id3 values which 
are respectively about 16 and 11 times those obtained in the blind pre-diction. This is 
mainly due to the updated Young’s modulus adopted for masonry (Sect. 4). In comparison 
with the experimental results, the maximum displacements occur at similar time though a 
significant underestimation is still observed. However, the pounding behaviour simulated 
by the UU-connection in the post-diction accurately estimates the experimental results. In 
addition, the residual displacement Rd2 (from t = 15 s  until the end) is depicted in the 
numerical model.

As in the pre-diction study, the damage that occurs numerically is investigated from the 
qualitative point of view through principal tensile strains. Figure  16 presents the results 
at the time step when the maximum BSy value is obtained in Run 2.1 (i.e. t = 168.2 s of 
the entire loading sequence). Overall, a considerable improvement also in terms of crack 
pattern is obtained for FEM-PS-5 when compared to FEM-5. Indeed, for Facades 2 and 
3, the crack pattern is rather well attained by the numerical model, reflecting the observed 
damage in spandrels and piers: FEM-PS-5 captures the horizontal cracks of the piers at 
the 2nd storey as well as the flexural mechanism occurring in the spandrels at both levels. 
The OOP mechanism observed at the 2nd storey of Façade 4 is also numerically detected, 
though with some differences: in the experimental test the horizontal crack is located at the 
floor level, while in FEM-PS-5 it occurs between the openings at the 2nd storey. Still, the 
cracks at the spandrels in the upper part of Façade 4 are similar to the experimental obser-
vations. Also the OOP mechanism that occurs in Façade 5 is captured by FEM-PS-5, as 
well as the horizonal cracking at the base. However, a more extensive cracking is observed 
numerically in the upper part of this wall, with a horizontal through-wall crack at level of 
the interaction with Unit 1. In addition, signs of impact are also visible at the UU connec-
tion, as also detected experimentally. In particular, crushing due to pounding is observed in 
façade 5 at the level of the roof of Unit 1 and at the second level of Unit 2 (internal eleva-
tion in Fig. 16).

Fig. 14   Actual acceleration time 
histories applied in the post-
diction numerical analysis on 
FEM-PS-5
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6 � Conclusions

This work presents the pre- and post-diction numerical simulations carried on a two-unit 
stone masonry aggregate that was subjected to incremental dynamic testing within the 
SERA – AIM project. In the pre-diction study, two finite element models, FEM-4 and 
FEM-5, were developed using macro-modelling approach and accounting for both in-plane 
and out-of-plane responses. Indeed, two different strategies were tested for modelling tim-
ber floors poorly connected to walls. FEM-4 implemented timber beams with nonlinear 

Fig. 15   Comparison the experimental results and post-diction numerical results in terms of Bsy, Rd2 and 
Id3: a maximum values for each run; b time histories at Run 2.1
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wall-to-floor connections, while FEM-5 did not model timber floors. Nonlinear incremen-
tal dynamic analysis showed that the models fairly estimated the experimental base shears 
(maximum error 30%), but they both underestimated the order of magnitude of displace-
ments and predicted the crack pattern with considerable scatter. The nonlinear wall-to-floor 
connections implemented in FEM-4, even if calibrated for an unstrengthened configura-
tion, still contributed to contrast out-of-plane failure mechanisms. Despite the limitations, 
FEM-5 resulted to be more suitable when compared with the test results. Thus, FEM-5 was 
selected for the post-diction, being updated into FEM-PS-5.

Based on the experimental data, major modifications in FEM-PS-5 interested a lower 
masonry Young’s modulus value, and a calibrated impact behaviour for pounding of 
unit-to-unit connections. A more advanced and improved masonry material model by 
Petracca, Candeloro and Camata (2017a) is adopted, being more stable than the model 
proposed by Faria et al. (1998) and allowing hysteretic behaviour also in tension. Those 
modifications concurred to improve the response of the aggregate structure, in particu-
lar referring to failure modes and crack pattern. Indeed, FEM-PS-5 captured the flexural 
failure of piers and spandrels. In addition, the out-of-plane mechanisms were rather well 
simulated numerically, though with some differences in the crack pattern. The numeri-
cal model also well replicated pounding during the impact between the two units. How-
ever, overall FEM-PS-5 underestimated displacements.

The blind pre-diction contest confirmed how much the numerical results can be 
affected by the high level of uncertainties related with modelling assumptions for 
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Façade 1 Façade 2 Façade 3 Façade 4 Façade 5

Min 0 Max 0.003

Fig. 16   Comparison between the numerical post-diction results and the experimental results in terms of 
crack pattern (Run 2.1)
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masonry aggregate structures. Available experimental data resulted to play a crucial 
role, as highlighted in the post-diction phase. Still, the study pointed out the current 
challenge in accurately modelling the behaviour of existing masonry aggregate struc-
tures, particularly referring to:

•	 With regards to wall-to-floor connections, nonlinear interfaces were adopted and 
calibrated on past experimental tests of typical weak connections for historical 
buildings, which represents a novelty when compared to previous studies. Though 
the outcomes seemed to be promising, the calibrated interface remained in the elas-
tic range in this case, not in agreement with the laboratory observations. Therefore, 
additional experimental data for wall-to-floor connections are required to further 
improve the simulation of such structural connection and develop appropriate mod-
elling guidelines at building scale.

•	 Concerning the unit-to-unit connections, which still represent a major challenge 
while modelling masonry aggregates, the simulation of the pounding/impact phe-
nomenon was fairly simulated in the post-diction model. This was possible due to 
the experimental evidence gained from the shaking table tests, which allowed to 
update its opening limit.

•	 Some inconsistency was found in the post-diction model being too stiff. Among 
other reasons, this can be attributed to: (i) some limits when using a masonry 
Young’s modulus value obtained from material characterisation test at building 
scale, and (ii) structure-foundation interface. Dynamic identification tests providing 
the full dynamic properties of the structure can be useful to investigate these aspects 
in future works.
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