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Abstract
This work presents the simulations of the non-linear dynamic response of a three-dimen-
sional finite-discrete element model. The model simulates a half-scale masonry building 
aggregate tested on a shake table by other Authors. The aggregate is made of two un-con-
nected building units having different heights and slightly different wall thicknesses. The 
floors are made of timber beams and boards. The modelling approach accounts jointly for 
in-plane and out-of-plane responses, which can be expected given the high flexibility of the 
floors, and for the separation between the two building units. The simulations are related 
both to the blind predictions, according to a scheduled testing sequence, and to the post-
dictions according to the actual testing sequence and some model calibrations. The pre-
diction model overestimates displacements, underestimates base shear and fairly predicts 
the damage pattern of comparable experimental runs. The use of the recorded shake table 
motion improves the accuracy of the post-diction simulations, while still delivering beam 
unseating. A higher Young’s modulus of the blocks improves markedly the predictions. 
The strengthening intervention with steel angles connecting floors to walls is only approxi-
mately modelled and does not improve the outcomes of the simulations. In summary, the 
adopted modelling approach is capable of accounting for the pounding between the two 
building units, predicting the most significant damage as well as estimating approximate 
average of peak values of base shear and displacements, while individual time histories are 
less accurately estimated.
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1 Introduction

Masonry building aggregates, also called blocks, clusters, compounds, conglomerations 
or precincts, represent one of the most common construction types in historical centres 
in regions with high seismic activity, and they are usually made of ordinary buildings 
(Carocci 2012), but may also comprise schools (Di Ludovico et al. 2017), heritage build-
ings (Sorrentino et al. 2014), churches (Marotta et al. 2015). Most of these buildings are 
not designed to withstand earthquake actions and frequently present a poor performance 
(Mazzoni et al. 2018). Aggregates are usually formed by assemblage and transformations 
of masonry buildings originally built independently. Therefore, building aggregates are the 
combination of different construction methods implemented at different times and with dif-
ferent materials (da Porto et al. 2013). The global behaviour of these structures depends on 
several factors: the geometry of the structure and its plan configuration, the connections 
between walls and between walls and floors, the stiffness of floors, and the interactions 
between adjacent buildings (Tomaževič et al. 1991). The seismic assessment of building 
aggregates is not an easy task, and specific modelling guidelines are missing.

With the aim to investigate the response of building aggregates under seismic actions, 
a laboratory campaign was designed at the Seismology and Earthquake Engineering 
Research Infrastructure Alliance for Europe (SERA), and specifically within the Seismic 
Testing of Adjacent Interacting Masonry Structures (AIMS) program. The tests were per-
formed at the Civil Engineering National Laboratory (LNEC) in Lisbon, Portugal, and a 
blind prediction competition was organised (Tomić et al. 2022a). The modelling strategy 
adopted by the authors for their blind predictions, as well as their post-dictions with the 
actual shake table motion, along with alternative modelling solutions are presented in the 
following.

Whereas ample literature exists about the numerical modelling of the earthquake 
response of unreinforced masonry buildings (e.g., Roca et  al. 2010; D’Altri et  al. 2020, 
and references therein) the numerical modelling of building aggregates has so far received 
limited attention. The most simplified approach relies on vulnerability index formulations, 
with partial scores and their weight given according to expert judgment (Valluzzi et  al. 
2005; Formisano et al. 2015; Maio et al. 2015; Cocco et al. 2019). An alternative approach 
relies on fragility functions associated to types to be found in aggregates (Ingham et  al. 
2018). Limit analysis was proposed for a predefined set of mechanisms (Valluzzi et  al. 
2005; Ingham et al. 2018) or selecting the most vulnerable ones by means of a finer discre-
tisation resorting to non-uniform rational b-spline surfaces (Grillanda et al. 2020). When-
ever good connections can be assumed, the use of the equivalent frame method was used in 
several instances for nonlinear static analyses (Pujades et al. 2012; Maio et al. 2015; Cocco 
et al. 2019; Grillanda et al. 2020).

Non-linear dynamic analyses were performed in very few cases on building aggregates. 
Senaldi et al. (2010), used an equivalent frame model to compare the dynamic response of 
idealized building units being either isolated or belonging to an aggregate. In the second 
case all building units were considered fully connected. The same assumption was made by 
Senaldi et al. (2019), when replicating the experimental behaviour of a building aggregate, 
using an enriched equivalent frame approach accounting for the out-of-plane stiffness of 
transverse walls and gables. This approach was further developed by Vanin et al. (2020), 
who replicated shaking table experimental tests accounting also for the out-of-plane flex-
ural response of macro-elements and for finite-strength floor-to-wall and wall-to-wall con-
nections. This strategy has the potential to account for pounding phenomena but, given the 
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lack of substantial damage at the interface between the two building units of the exper-
imental aggregate, the corresponding adjacent piers were modelled as a single element. 
Stavroulaki (2019) modelled real and idealized building aggregates using the finite ele-
ment method. The aim of the research was to evaluate which boundary conditions should 
be assumed when an individual building unit, belonging to a building aggregate, is mod-
elled and to compare the effect of interventions on individual floors of the aggregate. When 
the whole building aggregate was modelled, a full connection between building units was 
assumed. The finite element method was used to model existing case studies by Grillanda 
et al. (2020) and by Malcata et al. (2020), who again modelled adjacent building units as 
fully connected.

Hence, in none of the previous cases the presence of joints active only in compression 
was considered as will be done in the following.

2  Test specimen summary

2.1  Geometry, details and material properties

A natural-stone masonry, 1:2 scale model of a building aggregate was built and tested 
within the SERA-AIMS program. The aggregate was made by two adjacent building units 
with different storey and total heights (Fig. 1a). The unreinforced masonry was made of 
undressed natural stone units and of a special mortar to reduce its strength and account for 
the scale of the model (Senaldi et al. 2020) (Fig. 1b). The physical model had two cells of 
side approximately equal to 2.5 m (Fig. 2). Unit 1 had one storey, was 2.20 m tall and its 
walls were 0.30 m thick; Unit 2 had two storeys, was 3.15 m tall and its walls were 0.35 m 
thick at ground level, and 0.25 m thick at the upper level. Unit 2 was built before Unit 1 
and the two units were not interlocked, with a thin mortar layer separating them. The floors 
were made of very flexible, one-way timber beams and boards, with different orientations 
for the two building units. The lintels were made of timber as well. The geometry of the 
specimen was symmetric in plan with respect to the longitudinal axis, parallel to Y.

The full description of the test specimen and the results of incremental dynamic shake-
table tests, complemented by material and component characterisation tests, are presented 
in Tomić et  al. (2022b). In Table  1 the main experimental material properties, obtained 
after tests on wallettes, are summarised.

Fig. 1  Physical model: a General view and b Masonry geometric bond pattern (Tomić et al. 2019)
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2.2  Earthquake record and testing sequences

The specimen was tested under one or two horizontal components recorded at the Alba-
tros station during the Montenegro 1979 earthquake. The E-W and the N-S components 
have natural peak ground acceleration (PGA) 0.21 g and 0.18 g, respectively. To account 
for the model scale, the time of the records was scaled by a 1/√2 factor. The incremental 
shake-table tests were scheduled to be performed applying to the ground motion amplitude 
the following scale factors: 25, 50, 75 and 100% of the table capacities that are 0.875 g in 
the Y direction and 0.625 g in the X direction (Tomić et al. 2022b). At each intensity level, 
three tests were planned (always in the same order): Y-direction (longitudinal); X-direction 
(transversal); test simultaneously in both the X- and the Y-direction (Table 2).

To calibrate the shake table, and based on observed damage, the actual testing sequence 
was markedly different from the planned one and is reported in Table 3. After the 7th run, 
it was decided to strengthen the physical model by fixing the floors to their walls employ-
ing 100 × 100  mm2 steel angles, 80 mm long when connected to the beam end or 160 mm 

Fig. 2  Case study of the stone masonry aggregate experimental campaign (adapted after Tomić et al. 2019). 
Floor plan with beam orientation and facade layout of the two building units

Table 1  Experimental mean 
material properties (adpated after 
Tomić et al. 2022b)

a from vertical compression test
b from diagonal compression test

Property Mean

Density; ρ [Mg/m3] 1.980
Compressive strength; f [MPa] 1.300
Tensile strength; ft [MPa] 0.170
Cohesion; fv0 [MPa] 0.233
Poisson’s modulus; ν [–] 0.140
Young’s modulus in compression; E [GPa] 3.462
Shear  modulusa; G [GPa] 1.524
Shear  modulusb; G [GPa] 1.898
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long when connected along the beam length. The two acceleration record sequences are 
compared in Fig. 3 for the Y and X directions. Based on relevant response spectra accelera-
tions, Tomić et al. (2022a) selected blind prediction quantities to be compared to specific 
experimental quantities (Table 4). These comparisons will be extended in the following to 
post-dictions corresponding to experimental runs.

3  Numerical modelling

3.1  Modelling hypotheses

In previous studies the authors investigated problems similar to that considered here, 
such as full wall enclosures (Abrams et al. 2017), wall assemblies without roof (AlShawa 
et al. 2017) under horizontal and vertical ground motion (Liberatore et al. 2019), multiple 
wythes wall sections (de Felice et al. 2022), but never before building aggregates. Hence, 
a three-dimensional finite element method - discrete element method (FEM-DEM) non-
linear dynamic model is implemented within LS-DYNA (Hallquist 2006) to simulate the 

Table 2  Scheduled blind 
prediction testing sequence 
(adapted after Tomić et al. 
2022a)

Run notation Direction Nominal PGA
[g]

B1.1 Y 0.219
B1.2 X 0.156
B1.3 Y & X 0.219 (Y), 0.156 (X)
B2.1 Y 0.438
B2.2 X 0.313
B2.3 Y & X 0.438 (Y), 0.313 (X)
B3.1 Y 0.656
B3.2 X 0.469
B3.3 Y & X 0.656 (Y), 0.469 (X)
B4.1 Y 0.875
B4.2 X 0.625
B4.3 Y & X 0.875 (Y), 0.625 (X)

Table 3  Experimental sequence 
of the SERA-AIMS shake-
table tests (adapted after Tomić 
et al. 2022b). S suffix related to 
strengthened specimen

Run notation Direction Recorded PGA
[g]

E0.1 Y 0.113
E0.2 X 0.075
E0.3 Y & X 0.114 (Y), 0.072 (X)
E1.1 Y 0.170
E1.2 X 0.178
E1.3 Y & X 0.208 (Y), 0.174 (X)
E2.1 Y 0.593
E2.1S Y 0.615
E1.2S X 0.258
E2.2S X 0.425
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prototype response to earthquake records. The modelling approach accounts jointly for in-
plane and out-of-plane responses, which can be expected given the high flexibility of the 
floors.

Masonry is idealized with three-dimensional solid blocks each other separated  by 
cohesive-frictional contact interfaces. Each block corresponds to several physical masonry 
units, their mortar joints in-between and half mortar joint on the boundary, given that the 
interface has zero thickness. Blocks are meshed into several 8-node solid FEs that adopt 
one integration point (constant stress formulation) and viscous hourglass control based on 
Flanagan and Belytschko (1981). Hereinafter a linear-elastic behaviour will be assumed 

Fig. 3  Scheduled blind prediction sequence of acceleration records: a Y direction, b X direction. Experi-
mental sequence of the SERA AIMS shake-table tests: c Y direction, d X direction

Table 4  List of quantities 
related to blind scheduled runs 
comparable with experimental 
runs to account for differences 
between nominal and effective 
shake table accelerations (Tomić 
et al. 2022a)

Rd = roof displacement relative to table, Id = interface opening, i.e. 
Unit 2 displacement relative to Unit 1 (Fig. 4), BSi = Base Shear in the 
i-th direction

Blind run Experimental run Compared quantities

B1.3 E1.3 Rd2, Rd3, Rd4, Rd5, Rd6; 
Id1, Id2, Id3, Id4; BSX, 
BSY

B3.1 E2.1 Rd2, Id3, BSY
B3.2 E2.2S Rd3, Id4, BSX
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for these FEs, hence crushing is not accounted for. As in DEM, cracking, separation and 
formation of new contacts can be taken into account thanks to the interfaces. However, 
contrary to DEM, at the interface there are no additional springs, while the interface force 
depends on an automatic spring, whose stiffness is determined by geometry and material 
properties of the two bodies in contact, according to a penalty approach (AlShawa et al. 
2017).

The adopted strategy for the contact allows the connections to transmit both compres-
sive and tensile forces, with optional failure criteria for the latter. The adopted spring fail-
ure criterion is based on tensile normal stress, with failure occurring when the following 
inequality is satisfied:

where σn is the normal stress on the contact surface.
NFLS is the normal (tensile) failure limit stress.
Once NFLS is exceeded no tensile stress can be transmitted across the interface. The 

shear response is governed by a Mohr-Coulomb model, defined by a cohesion named shear 
failure limit stress (SFLS) and by static and dynamic friction coefficients (FS, FD).

The equations of motion are solved using an explicit strategy, capable to investigate 
crack propagation and dynamic response.

3.2  Blind prediction model configuration

The model implemented for the blind prediction is shown in Fig.  5. Despite the actual 
masonry having a random-irregular geometric bond pattern (Fig. 1), the numerical model 
has a periodic block distribution with parallelepiped blocks. This strong assumption is 
related to the explicit algorithm implemented to solve the equations of motion, with the 
smallest FE governing the integration time step. However, it is worth to emphasise that the 
actual bond pattern, across the masonry volume, is impossible to know outside a laboratory 
and numerical simulations of bond patterns prone to disintegration can be rather sensi-
tive to geometric details, as discussed in de Felice et  al. (2022). Therefore, a simplified 
geometry was assumed that, although not matching the actual bond pattern of the masonry, 
accounts for multiple failure planes. Conceptually, this approach is similar to the limit-
analysis finer discretization (without a strict mimic of the actual construction) performed 
using non-uniform rational b-spline surfaces (Grillanda et al. 2020) instead of predefining 
a response mechanism (Valluzzi et al. 2005). In the sensitivity analyses performed for the 
post-dictions an alternative geometric bond pattern will be considered.

The size of the blocks was chosen so that all walls have two blocks across the thick-
ness, with the only exception of single-wythe spandrels, but a finer discretisation was 
avoided to limit the already challenging computational burden. Hence, masonry blocks 
have the following size: maximum 450 mm, minimum 100 mm, with a typical block being 
300 × 150 × 125  mm3 (w×d×h). The total number of blocks is 1545 and the total number of 
FEs is 4687. No bond-stones (through-thickness headers) are present, not even close to the 
openings. The adopted geometric bond pattern may overestimate actual corner interlock-
ing stiffness and capacity if an interlocking unit is present every other course; therefore, it 
is implemented only every five or six courses.

Because the floors are very flexible and are not anchored to the walls, no diaphragm kin-
ematic restraint is assumed. As already discussed about masonry geometric bond pattern, 

(1)�
n
≥ NFLS
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to avoid small-size FEs that would increase computation time, the rather thin boards are 
not modelled, and tributary masses are added to the beams. Additionally, the height of the 
lintels is slightly increased to match the height of the adjacent masonry course.

The values of the stress limits of the contact interfaces between the blocks are reported 
in Table  5 and, as a first approximation, are derived from those in Table  1. These val-
ues  were used in the simulation of a diagonal-compression test of a wallette having the 
same geometric bond pattern of the building aggregate model. Failure was attained for a 
diagonal force very close to the average one reported by Tomić et al. (2022b). The compar-
ison of the experimental and numerical results, related to the building aggregate, presented 
in the following will show that experimental model strength is reasonably estimated, cor-
roborating the choice of stress limits.

The collar joint between the two wythes has the same mechanical characteristics of 
the interface between two blocks, whereas the interface between the two building units 
has a conventional tensile strength of 0.1 kPa, much lower than that assumed between two 
blocks, to capture their separation and possible pounding. Moreover, for the blind predic-
tion, the interface between timber beams and masonry blocks has the same characteristics 
of that between the two building units (Table 5). In the sensitivity analyses performed for 
the post-dictions alternative properties will be considered. On the contrary, the interface 
between timber lintels and masonry blocks has the same characteristics of that between two 
masonry blocks.

The friction coefficient of all interfaces is assumed equal to 0.80 (Table 5). This value is 
higher than what usually assumed in technical standards, but rather close to the 0.79 mean 
value available in Marques (2021), related to brickwork laid in a natural hydraulic mortar. 
Classic manuals suggest similar values, for instance: Coulomb (1776) 0.75, Navier (1826) 
up to 0.81, Breymann (1885) 0.76. In the sensitivity analyses performed for the post-dic-
tions a more conservative 0.60 value will be considered.

The elastic properties of masonry blocks, beams and lintels are reported in Table  6 
and are derived from Table 1 whenever applicable. Finally, a 5% damping coefficient is 
assumed for all materials. Based on considerations developed by Galvez et al. (2022), the 
damping coefficient is proportional to stiffness.

4  Numerical results

4.1  Quantitative comparison of experimental results with simulations

The blind prediction was performed by means of the numerical model under the pro-
grammed testing sequence described in Table 2. The dynamic interaction between the two 
building units was evident in the time histories of the motion along the Y and X direc-
tions (Fig.  6). The simulations highlighted that the joint between the two building units 
opened very markedly (Fig. 6a), although with limited residual value until Run B3.3, the 
last significant one before the experimental tests were stopped (see Table 4). In Fig. 6a the 
one-sided nature of the relative displacement between the two building units is evident. 
Along the X direction the relative displacement is more symmetric and involves significant 
residual offsets in runs B4.2 and B4.3 (Fig. 6b).

A quantitative comparison between the numerical predictions (model Pre), when 
applicable (see Table 4), and the experimental results derived from Tomić et al. (2022b) 
is shown in Figs. 7, 8 and 9, where the sequence of the experimental runs is reported 
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on the ordinates. (The same figures show the comparison with the post-dictions, which 
will be discussed later). Displacements are presented in a logarithmic scale, given the 
very large difference between experimental values and some of the numerical values. In 
fact, displacement predictions largely overestimate the observed values, especially for 
run B1.3 (to be compared with E1.3) suggesting that the masonry stiffness is underesti-
mated. The following runs, B3.1 (to be compared with E2.1) and B3.2 (to be compared 
with E2.2S), present displacements that are closer but still two-, four-times larger than 
the measured ones, regarding peak roof displacement, and six-, eight-times regarding 
peak interface openings. Base shear is largely underestimated, especially for the most 
severe runs.

Numerical post-dictions were performed considering seven models, whose main fea-
tures are summarised in Table 7. The results of some post-dictions, along with their quan-
titative comparisons with the experimental results and the predictions, are presented in 
Figs. 7, 8 and 9. Therein, models Post5 and Post6 are omitted because less significant and 
in order to improve readability. Nonetheless, comments are given for all models.

Model Post1 presents the same characteristics of the model used for predictions but, as 
all post-dictions models, is excited by the actual shake-table motion (Table 3). When con-
sidering the peak roof displacements (Fig. 7), model Post1 has a better agreement than pre-
dictions, regarding both the runs and the specific quantities in Table 4 and comparing the 
average of all runs (Table 3). This agreement highlights the deviation of the actual ground 
motion from that assumed in predictions, also bearing in mind that a different motion 
sequence induces a different damage accumulation. Nonetheless, the mean of peak dis-
placements of all runs is overestimated by a factor on average equal to about 5. The post-
dictions of peak interface openings are improved compared to the predictions but are still 
overestimated by a factor on average equal to about 12 (Fig. 8). Finally, the post-dictions of 
peak base shear are less accurate in the early runs, while in the most severe tests they are 
rather close to the observed values (Fig. 9).

Based on experimental results, wherein no significant sliding was observed between 
timber and masonry, model Post2 has the interfaces between beams and blocks equal to 
those between blocks (NFLS = 170 kPa). Peak roof displacements of all runs are overesti-
mated by an average factor slightly smaller than that of model Post1. Peak interface open-
ings are markedly improved compared to both Pre and Post1 models, although still over-
estimated by a mean factor of about 5. Peak base shear assessment is slightly improved 
compared to previous post-diction.

To simulate the strengthening intervention a third model, Post3, presents rigid beams 
as well as rigid interfaces between beams and blocks (lintels are unchanged). These modi-
fications are applied since the first run and not at run E2.1S when strengthening was actu-
ally performed. This model has absolutely no benefit compared to the previous versions, 
regarding response quantities and damage prediction, as will be discussed in the following 
section. Peak roof displacement is overestimated by an average factor of 12, interface open-
ing by an equivalent factor of 40, and base shear is underestimated by a mean factor of 0.8.

To pursue a reduction of elastic displacements, in model Post4 the Young’s modulus 
of the blocks is equal to ten times that in previous models, while beam-block interface 
has a finite strength as in model Post2. Mean of peak roof displacements is overestimated 
by just about 10% compared to experimental ones. Additionally, the coefficient of vari-
ation of individual peak values is smaller for model Post4 compared to the second-best 
solution, model Post2. Peak interface openings are dramatically reduced compared to this 
model, and on average underestimated by a factor of about 0.6. Peak base shear assessment 
is slightly worsened compared to Post2 and equal to about 2.5. Hence, all these measures 
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considered, this model has the overall best performance. Unfortunately, the increased stiff-
ness involves an integration step shorter by about 40% compared to previous versions, with 
a consequent additional computational burden.

Given the overestimation of base shear and (although slight), of roof displacement, a 
model with an increased Young’s modulus (as in Post4), as well as simulated interventions 
(as in Post3) was implemented with the id Post5. The model has a much better performance 
than that of model Post3, but in general worse than that of model Post4. Even consider-
ing the first three runs and peak roof displacement, the overestimation factor is about 4.4, 
compared to 1.4 from model Post4. Interface displacements are overestimated by an aver-
age factor of 10, and base shear assessment is again worse than in model Post4. Hence, the 
changes to beams deliver again no advantage.

To investigate a more conservative value of the friction coefficient model Post6, equal to 
model Post4 but with friction coefficient reduced to 0.60, was implemented. Whereas mean 
numerical interface displacements are a better approximation of experimental values by 
3% compared to model Post4, mean of peak roof displacements is overestimated by about 
20% and mean of peak base shears is overestimated by about 10%. Hence, the 0.80 value 
assumed for model Post4 is more appropriate in the case at hand.

Finally, starting again from mechanical properties of model Post4, a block cubic discre-
tisation is considered in model Post7 (Fig. 10). Number of blocks is substantially increased 
to 4297, almost three times those of previous models, while the number of FEs is only 
marginally enlarged. However, the reduction of the size of the smallest FE, combined with 
a much larger number of interfaces, involved an almost doubled time of analysis. Mean of 
peak roof displacements is overestimated by about 60% compared to experimental ones. 
Peak interface openings on average underestimated by a factor of about 0.8. Peak base 
shear assessment is equal to about 2.5 the experimental one. Hence, the overall perfor-
mance is similar, or slightly worse, that of model Post 4 but at the price of a much more 
demanding computational time.

In addition to peak simulations, it is worth to analyse some time histories. In Figs. 11, 
12 and 13 time histories of roof displacements, interface openings and base shear are 
shown, based on a selection accounting for excitation and instrumentation directions 
(Table  3; Fig.  4), with reference to sample runs E2.1, E2.1S and E2.2S, not necessar-
ily the most effectively reproduced but those discussed in the following section based on 

Fig. 4  Monitored relative displacements used in comparisons between simulations and experimental 
results. Rd = roof displacement relative to table, Id = interface opening, i.e. Unit 2 displacement relative to 
Unit 1 (adapted after Tomić et al. 2022a)
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available damage documentation. Ordinates are zoomed in on experimental values to get a 
more detailed portrayal, given that maximum simulation values were already presented in 
Figs. 7, 8 and 9.

Time history displacement prediction is rather poor, in terms of both sign and time 
of occurrence of maxima, overall waveform shape and residual offset (Fig. 11). Multiple 
interface openings are predicted (Fig. 12), larger or smaller depending on the model, while 
experimental counterparts are fewer in peaks. Preliminary simulations, not shown here 
for the sake of conciseness, assuming damping proportional both to mass and stiffness, or 

Fig. 5  FEM-DEM numerical model for blind predictions: a facades 1, 3 and 5 are visible; b facades 2 and 
4 are visible. Discrete elements are coloured only for presentation purposes, their material properties being 
homogeneous

Table 5  Numerical model interface parameters for blind prediction

Parameter Interface between blocks, interface 
between lintel and block

Interface 
between build-
ing units, 
interface 
between
beam and block

Normal failure limit stress; NFLS [kPa] 170 0.1
Shear failure limit stress; SFLS [kPa] 233 233
Static, Dynamic friction coefficient; FS, FD [–] 0.8 0.8

Table 6  Numerical model 
material properties for blind 
prediction

Parameter Block Beam, lintel

Density; ρ [Mg/m3] 1.980 0.825
Young’s modulus; E [GPa] 3.462 12.000
Poisson’s ratio; ν [–] 0.140 0.200
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with a larger damping coefficient, did not improve markedly the results. Base shear pre-
dictions in Fig. 13 are in better agreement, compared to the previous plots, as could also 
be expected from peak values in Fig. 9. Both displacement and shear experimental values 
showed very little coupling between horizontal components, meaning that when the speci-
men was excited along the Y direction the response along X was very small. This behaviour 
is not observed in numerical simulations, wherein a non-negligible response was measured 
along the direction normal to that of the excitation. A possible explanation is that the com-
paratively large size of the blocks and their regular shape delivered a corner interlocking 

Fig. 6  Blind prediction time histories of the opening of the interface between the two building units: a Y 
direction; b X direction. Identification of measured displacements as in Fig. 4

Table 7  Features of numerical models for post-dictions, all excited by actual shake table motion. Model rel-
evant changes relative to previous version are in boldface. All other parameters as in Tables 5 and 6

Model Interface 
between 
beam and 
block;
NFLS [kPa]

Beam Young’s modulus; 
E [GPa]

Friction coefficient; 
FS, FD [-]

Block geometry

Post1 0.1 Elastic 3.462 0.8 parallelepiped
Post2 170 Elastic 3.462 0.8 parallelepiped
Post3 rigid Rigid 3.462 0.8 parallelepiped
Post4 170 Elastic 34.62 0.8 parallelepiped
Post5 rigid Rigid 34.62 0.8 parallelepiped
Post6 170 Elastic 34.62 0.6 parallelepiped
Post7 170 Elastic 34.62 0.8 cubic
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still more effective than in reality, despite the low number of interlocking units shown in 
Fig. 5.

4.2  Qualitative description of the damage mechanisms

Damage progression, as reported by Tomić et  al. (2022b), is summarised in Fig.  14 for 
three specific runs, wherein red lines are related to cracks occurring at that run and black 
lines are related to damage corresponding to previous runs. In the following, these crack 
maps are compared with the deformation axonometric views of the corresponding sim-
ulations, adapting the displacement scale factor (SF) to the severity of response for an 
improved readability. Additionally, colourmaps of six steps of horizontal displacement 
(relative to shake table) are used in the following figures, resorting to different scales to 
account for differences in response severity. Therefore, in each caption the minimum dis-
placement (MD) and the displacement colour step (DCS) of each run are reported.

Based on Table 4, in Fig. 15 the blind predictions are shown for two runs only. For run 
B3.1 (Fig. 15a), to be compared with run E2.1 (Fig. 14a), the piers of the upper story of 
Unit 2 belonging to Facade 2 and Facade 3 are greatly engaged, especially that between 
the windows of Facade 2. The out-of-plane response of the upper story is captured as well. 
Hence, numerical results and laboratory tests are in reasonable agreement, although the 
unseating of some beams was not observed in the laboratory. Similarly, the lower story 
does not show any significant damage in the numerical simulations, whereas some cracks 
can be noticed in Fig.  14a. As for run B3.2, the response in Fig.  15b is significantly 

Fig. 7  Comparison of maximum experimental results with blind predictions (when applicable) and selected 
post-dictions. Roof displacement (Fig. 4): a, b, d along Y direction, c and e along X direction
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Fig. 8  Comparison of maximum experimental results with blind predictions (when applicable) and selected 
post-dictions. Interface opening (Fig. 4): a and c along Y direction, b and d along X direction

Fig. 9  Comparison of maximum experimental results with blind predictions (when applicable) and selected 
post-dictions. Base shear: a Y direction, b X direction
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different from that in Fig. 14c, run E2.2S. Although Unit 1 is the most engaged in these 
two cases, the numerical response is dominated by the opening of the interface and by a 
torsional response due to the lack of an interlocked wall close to Unit 2, while the experi-
mental response shows only some cracks in Facade 1. The overall prediction of the experi-
mental damage pattern can be considered reasonable. Extensive damage (overturning of 
facades 2, 3 and 4, involving the collapse of the roof of the tallest building unit) occurred 

Fig. 10  FEM-DEM element numerical Post7 model: a facades 1, 3 and 5 are visible; b facades 2 and 4 
are visible. Discrete elements are coloured only for presentation purposes, their material properties being 
homogeneous

Fig. 11  Sample experimental and numerical time histories of roof displacement (Table  3; Fig.  4): a run 
E2.1, b run E2.1S, c run E2.2S
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in the blind predictions in following runs, for a level of shaking not tested to avoid damage 
to laboratory facilities.

Simulations of model Post1 are presented in Fig. 16, showing a lighter damage level 
at the upper storey when compared to blind predictions, but better capturing damage at 

Fig. 12  Sample experimental and numerical time histories of interface openings: a run E2.1, b run E2.1S, 
c run E2.2S

Fig. 13  Sample experimental and numerical time histories of base shear: a  run E2.1, b  run E2.1S, c run 
E2.2S



Bulletin of Earthquake Engineering 

1 3

the lower storey. The separation at cold joint is clearly visible in the analysis step shown 
in the figure. In the following run (Fig. 16 b), Facade 4 is more engaged than in previ-
ous runs, in reasonable agreement with the observed behaviour. Along the X direction 
(Fig. 16c) the response is like that described with reference to predictions. The unseat-
ing of some beams can still be observed, thus suggesting the adoption of an improved 
contact between timber and masonry.

The enhanced connection of beams on blocks avoids the unseating of the beams of 
Unit 2 in model Post2 (Fig. 17). However, the damage pattern on masonry walls is like 
that of the model Post1.

Run E2.2S was performed after the activation of the steel anchors between beams 
and walls. This condition was approximately simulated, from the very beginning, in 
model Post3 and it triggers a premature collapse during run E2.1 (Fig. 18), thus sug-
gesting that the introduction of rigid elements can unpredictably affect the response and 
should be carefully considered.

The overall over-prediction of displacements suggested an increased elastic modulus, 
implemented in model Post4 (Fig. 19) and requiring an increased SF for the displace-
ments. The smaller engagement of the cold joint between the building units is evident, 
but pounding is still accounted for. Damage is more evident at spandrels of Facade 2 
and Facade 3, but the activation of the in-plane rocking of the piers between the open-
ing is still recognizable. For an easier identification of the interfaces that opened during 
the runs, numerical crack maps are presented in Fig.  20. They can be compared with 
experimental ones in Fig. 14, highlighting that in run E2.1 the sub-horizontal crack at 

Fig. 14  Experimental crack maps at the end of: a run E2.1, b run E2.1S, c run E2.2S (adapted after Tomić 
et al. 2022b)
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mid-height of Facade 4 is not predicted, while the overall damage pattern of Facade 2 
and Facade 3 is reasonably reproduced.

In run E2.1S the experimental damage is concentrated at the horizontal central band of 
Facade 4, which again escapes the numerical simulation. The cracks in the upper portion 
of the same facade and at the base of Facade 3 are better predicted. In run E2.2S, with 
shake-table motion along the X direction, the substantial damage of Facade 1 is only par-
tially reproduced. No new experimental crack affects Facade 4, while those appearing in 
the numerical simulation bring the overall map closer to final laboratory one.

The combinations of models Post3 and Post4 in model Post5 involves a more marked 
concentration of damage at the lower storey because of increased horizontal accelerations 
and base shear (Fig.  21). Model Post6, with a reduced friction coefficient compared to 
model Post4, has an overall damage distribution (Fig. 22) very similar to that of its ref-
erence version, and displacement values are reasonably close too. Model Post7 (Fig. 23), 
with cubic blocks, shows a damage pattern like that of model Post 4, of which it shares the 

Fig. 15  Horizontal displacement colour contours superimposed on model Pre deformation at significant 
point in time: a run B3.1 (MD: −4 mm, DCS: 25 mm), to be compared with run E2.1; b run B3.2 (MD: 
0 mm, DCS: 15 mm), to be compared with run E2.2S (Table 4). (SF = 3)



Bulletin of Earthquake Engineering 

1 3

Fig. 16  Horizontal displacement colour contours superimposed on model Post1 deformation at significant 
point in time: a run E2.1 (MD: −10 mm, DCS: 10 mm); b run E2.1S (MD: −10 mm, DCS: 10 mm); c run 
E2.2S (MD: −10 mm, DCS: 10 mm). (SF = 3)
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Fig. 17  Horizontal displacement colour contours superimposed on model Post2 deformation at significant 
point in time: a run E2.1 (MD: −10 mm, DCS: 10 mm); b run E2.1S (MD: −20 mm, DCS: 10 mm); c run 
E2.2S (MD: −40 mm, DCS: 10 mm). (SF = 3)



Bulletin of Earthquake Engineering 

1 3

same mechanical parameters. The shorter units involve a somewhat more distributed defor-
mation but without dramatic differences.

5  Conclusion

Building aggregates account for most of the unreinforced masonry constructions of histori-
cal centres and frequently present a poor earthquake performance. However, no established 
modelling and assessment procedures exist, and this topic has attracted so far limited atten-
tion in the scientific literature. To fill this gap, an experimental campaign was designed and 
performed by other Authors within the Seismology and Earthquake Engineering Research 
Infrastructure Alliance for Europe (SERA), and specifically within the Seismic Testing 
of Adjacent Interacting Masonry Structures (AIMS) program. In this paper the physical 
building aggregate made of two non-interlocked building units is modelled resorting to 
a finite element method - discrete element method (FEM-DEM) approach and non-linear 
dynamic analyses are performed both as blind prediction and as post-diction simulations. 
The FEM-DEM model accounts jointly for the in-plane and the out-of-plane response of 
the walls. Moreover, the interfaces between the blocks used to discretise the masonry can 
crack, allowing sliding, as well as complete separation. Additionally, such an interface with 
very weak tensile strength is used at the cold joint between the two building units.

Blind predictions, according to the scheduled testing sequence, show the clear separa-
tion and pounding between the two building units, a phenomenon never modelled previ-
ously in the literature. Peak displacements are largely overpredicted with reference to com-
parable experimental runs, whereas peak base shear is underpredicted. Damage pattern is 
in reasonable agreement with the observed response, except for beams that are unseated in 
the FEM-DEM model, whereas no such response was observed in the laboratory.

Simulations are repeated using the same model but the actual testing sequence (Post1). 
Quantitative simulations are slightly improved for displacements and markedly improved 
for base shear, while damage estimate is rather like predictions, including beam unseat-
ing. Therefore, several sensitivity analyses are performed. A model (Post2) presenting a 

Fig. 18  Horizontal displacement colour contours superimposed on model Post3 deformation at significant 
point in time: run E2.1 (MD: −4 mm, DCS: 10 mm). (SF = 3)
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Fig. 19  Horizontal displacement colour contours superimposed on model Post4 deformation at significant 
point in time: a run E2.1 (MD: −1.0 mm, DCS: 1.5 mm); b run E2.1S (MD: −2.0 mm, DCS: 2.0 mm); c 
run E2.2S (MD: −4.0 mm, DCS: 5.0 mm). (SF = 15)
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beam-block interface equal to the block-block interface is implemented and analyses are 
repeated. Quantitative peak displacement predictions are markedly improved, although still 
largely overestimating experimental values.

To approximately simulate the connection between floors and walls, rigid interfaces and 
beams are considered in model Post3 from the first experimental run. The outcome is not 
encouraging because of the occurrence of a premature collapse.

To reduce displacement overestimation, Young’s modulus is increased by an order of 
magnitude in model Post4, starting from model Post2. An overall marked improvement is 
obtained, delivering the best post-diction. Combining rigid beam-block interface and rigid 
beams with increased Young’s modulus (Post5) or considering a more conservative value 
of the friction coefficient (Post6) does not improve the simulations. A cubic discretisation 
of the masonry (Post7) delivers results similar to that of the reference model (Post4) but 
with an almost doubled computation time.

In summary, advantages and disadvantages, as well as substantial challenges, are asso-
ciated with the FEM-DEM approach. On the positive side, it can account for several phe-
nomena neglected by other non-linear dynamic strategies such as: combined in-plane 
and out-of-plane response of walls, failure of wall-to-wall and floor-to-wall connections, 
pounding between adjacent building units, possible disintegration of wall section. How-
ever, computational cost is very large and to keep it reasonable very small or irregular 
blocks need to be avoided. Moreover, several choices need to be picked in the modelling 
phase, regarding geometric bond pattern, block size and material properties, while clear 
indications are still missing. FEM-DEM modelling can deliver a reasonable quantitative 
prediction even of rather large displacements provided that the Young’s modulus is prop-
erly selected. On the contrary, at least in the case at hand and in the investigated range, sen-
sitivity to friction coefficient value seems limited. The assessment of damage pattern and 
overall capacity of the structure are less sensitive to mechanical parameters, provided that 

Fig. 20  Numerical crack maps of model Post4 at the end of: a run E2.1, b run E2.1S, c run E2.2S
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Fig. 21  Horizontal displacement colour contours superimposed on model Post5 deformation at significant 
point in time: a run E2.1 (MD: −20 mm, DCS: 10 mm); b run E2.1S (MD: 0 mm, DCS: 10 mm); c run 
E2.2S (MD: −40 mm, DCS: 10 mm). (SF = 3)
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Fig. 22  Horizontal displacement colour contours superimposed on model Post6 deformation at significant 
point in time: a run E2.1 (MD: −1.0 mm, DCS: 1.5 mm); b run E2.1S (MD: −2.0 mm, DCS: 2.0 mm); c 
run E2.2S (MD: −4.0 mm, DCS: 5.0 mm). (SF = 15)
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Fig. 23  Horizontal displacement colour contours superimposed on model Post7 deformation at significant 
point in time: a run E2.1 (MD: −1.0 mm, DCS: 1.5 mm); b run E2.1S (MD: −2.0 mm, DCS: 2.0 mm); c 
run E2.2S (MD: −4.0 mm, DCS: 5.0 mm). (SF = 15)
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infinite strength connections are avoided. Finally, additional investigation is necessary to 
introduce strengthening interventions on a previously damaged model and in a way closer 
to actual structural details.
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