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A B S T R A C T

Unreinforced masonry gables are widely present in low-rise existing buildings and are particularly vulnerable to 
seismic events, as demonstrated by the several observed out-of-plane collapses of these structural elements 
during earthquakes. Since the structural behaviour of gable walls has been scarcely investigated in the literature, 
a large-scale testing programme (ERIES-SUPREME) has been initiated by research institutions in the Netherlands 
(TU Delft, TNO) and Italy (EUCENTRE, University of Pavia, IUSS Pavia), to dynamically characterise the gable 
out-of-plane seismic response. Shake-table tests on full-scale masonry gables are being conducted at the 9D LAB 
facility in EUCENTRE (Pavia, Italy), incorporating the effects of different ground motions, structures and roof 
stiffnesses. This facility features both a top and a bottom shake table, allowing for separate input motions: 
therefore, the effect of the roof dynamic behaviour can be accounted for by applying differential signals. This 
work presents the procedure used to define such input motions. While for tectonic signals direct earthquake 
recordings at floor level are accessible from existing monitored masonry buildings in Italy, for induced signals in 
the Netherlands such data are not available. Thus, in the latter case, numerical analyses are conducted 
considering a reference unreinforced masonry building subjected to induced earthquakes, with three roof con
figurations representing flexible, semi-flexible, and stiff diaphragms. Based on the obtained outcomes, input 
signals are derived for both induced and tectonic earthquake scenarios, leading to the final definition of the 
testing protocol for the ERIES-SUPREME experimental campaign. The findings of this study are also broadly 
applicable for the derivation of input motions in the planning of benchmark experiments where parts of the 
structural system cannot be explicitly reproduced due to testing constraints.

1. Introduction

Typical low-rise existing masonry buildings in Europe commonly 
feature unreinforced masonry (URM) walls, complemented by diverse 
pitched roof configurations, supported or finished by masonry gables. 
These structures also form a large part of the building stock for several 
seismic-prone countries, including areas subject to both natural hazard 
and human-induced seismicity. In such buildings, the masonry gables 
are often associated with the highest seismic vulnerability, as exten
sively documented in past post-earthquake damage assessments 

worldwide, e.g. in Iran [1], Italy [2–6], Nepal [7,8], New Zealand [9], 
Turkey [10–19], Croatia [20], Pakistan [21], and China [22]. This 
vulnerability can be attributed to the large slenderness of masonry ga
bles as well as to their poor connections with the roof diaphragm. 
Moreover, their positioning at the uppermost part of the building ex
poses them to amplified seismic excitation in comparison to the ground 
motion, while being subjected to low values of overburden load. The 
interaction of gables with flexible roof diaphragms can also contribute to 
the seismic vulnerability of the gable-roof system, due to the potential 
further amplification of the seismic motion [23]. However, there are 
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very limited experimental data regarding the performance of URM ga
bles, and most of the data come from tests simulating a complete 
building, which are not specifically focused on these structural elements. 
Furthermore, dynamic experimental tests are fundamental for investi
gating the seismic out-of-plane (OOP) capacity of URM gables. While a 
number of dynamic experimental campaigns have been conducted on 
rectangular walls [24–31], also exploring the influence of boundary 
conditions or relative support motions [32–36], only limited research 
focuses on gables in literature. One notable investigation in this 
framework was conducted on a complete roof sub-structure, consisting 
of URM gables resting on a reinforced concrete floor slab and supporting 
a timber roof, which was incrementally dynamically tested until the 
OOP collapse of the gables [23]. Another study [37] involved dynamic 
tests on two scaled specimens made of brick and stone masonry, 
including a façade with a gable on top and two orthogonal return walls, 
but neglecting the presence of roof and floor diaphragms. In addition, 
several experimental investigations have been conducted on URM 
buildings with gables supporting their roof structures [38–44], but the 
achieved results are hardly applicable for understanding the seismic 
OOP capacity of gables: either other failure mechanisms governed the 
global seismic response of the building and prevented the OOP failure of 
gables [44], or, even when the failure of roof or gables was preceding 
any other mechanism, the experiments were terminated before the 
complete collapse due to safety concerns or potential damage to testing 
facilities [40].

The inadequate seismic performance of timber roof diaphragms in 
URM buildings has been often addressed by means of retrofitting mea
sures that might limit the roof in-plane deflections, thus reducing OOP 
damage of the connected URM walls. Although the substitution of 
existing timber diaphragms with concrete is still a common practice, it 
has also been documented to worsen the global seismic performance of 
the building by locally increasing the mass and stiffness at the top of the 
structure [3,5,45]. A promising and more sustainable alternative is to 
employ timber-based strengthening techniques [46–49]. While several 
experimental and numerical investigations have demonstrated the 
improvement in the diaphragms’ in-plane response by adopting these 
techniques [42,50–62], their effect on the overall seismic performance 
of a URM building, and particularly in relation to the gables, remains 
insufficiently explored.

Within this framework, the ERIES-SUPREME (Seismic oUt-of-Plane 
REsponse of Masonry gablEs) project [63–65] – a joint initiative of Delft 
University of Technology, the Dutch Organisation for Applied Scientific 
Research (TNO), EUCENTRE Foundation, IUSS Pavia, and University of 
Pavia – aims at improving the understanding of the seismic OOP 
response of URM gables within existing buildings. The first general goal 
of the project is to produce experimental data on the dynamic behaviour 
of URM gables, currently missing from published literature. All gener
ated experimental data, along with the associated instrumentation 
schemes, are openly available for download in a dedicated repository 
[64], and will be used as benchmark for refining and calibrating existing 
numerical modelling approaches, or even developing new ones. The 
force and displacement capacity of URM gables subjected to OOP dy
namic loading is being investigated by carrying out incremental dy
namic tests, resuming testing from a lower level of seismic intensity after 
observations of damage are made. A second objective of the project is to 
quantify the influence of roof diaphragms on the OOP response of URM 
gables. More specifically, it seeks to determine how the stiffness of the 
roof structure and the efficiency of its connections to the gables affect 
their performance at different damage states. These investigations also 
aim to promote the use of sustainable timber-based seismic retrofitting 
techniques for roof diaphragms in existing URM constructions, by 
showing how the increase in stiffness and hysteretic energy dissipation 
are able to improve the seismic response at gable and whole building 
level in comparison to less reversible methods, such as the strengthening 
by means of concrete slabs.

The large-scale experimental campaign within the ERIES-SUPREME 

project is being conducted at the EUCENTRE facilities in Pavia (Italy), 
using the recently installed 9D LAB [66]. This innovative seismic testing 
system (Fig. 1) consists of a top and a bottom shake table, and allows to 
apply input motions covering nine degrees of freedom, making it 
possible to reproduce inter-storey displacements occurring during 
earthquakes. The 9D LAB in-plan dimensions allow for testing a 
full-scale, 6-m-long and 3-m-high, masonry gable; however, they are not 
sufficient to accommodate an entire roof structure. As a result, the in
fluence of its stiffness on the seismic OOP response of the gables is 
accounted for by the input motions imposed to the bottom and top shake 
tables. The main objective of this study is the derivation of these input 
accelerograms for tectonic and induced earthquake scenarios, consid
ering three configurations for the roof structure: a flexible (as-built) 
timber roof, a semi-flexible (timber-retrofitted) roof, and a stiff (con
crete) roof. While the effects of both induced and tectonic earthquakes 
are considered, the distinction between the effects of far-field and 
near-field earthquakes [67,68] is not addressed in the present study. 
Input signals at gable level from tectonic earthquakes could be obtained 
from actual earthquake recordings in existing monitored URM structures 
in Italy [69,70]; however, this is not the case for regions affected by 
induced seismicity, such as the Groningen province in the Netherlands 
[71–73]. Specifically, the floor motions and floor spectra suggested by 
the current Dutch code NPR 9998 are based on established probabilistic 
models for larger seismic intensities than those recorded to date [74,75], 
and do not correspond to past earthquakes. Therefore, to assess how 
URM buildings typical for the Groningen area filter and amplify such 
motions up to the roof level, advanced numerical simulations on a 
reference URM terraced house are performed (Fig. 1). The simulations 
consider the three aforementioned scenarios – flexible, semi-flexible, 
stiff – for the roof stiffness.

The input motions are derived following the methodology reported 
in Section 2. In incremental dynamic testing, the scaling of one or a few 
ground motions, such as the induced and tectonic earthquakes used in 
this study, introduces uncertainties in terms of the representativeness of 
the structural response; therefore, the original motions must be selected 
to correspond to the intensity level at which the response of interest is 
most accurately captured. In this context, records corresponding to 
minor or moderate structural damage (damage states DS2–DS3 [40,44]) 
have been chosen for the induced seismicity, as higher damage levels are 
deemed unrealistic for this scenario, while extensive structural damage 
(damage state DS4 [40,44]) has been selected for the tectonic seismicity 
to reflect the structural degradation associated with gable collapse. This 
approach has been applied to both numerical analyses of a Dutch URM 
building subjected to induced seismicity, and the use of real tectonic 
recordings from a monitored URM school in Italy. In both cases, induced 
and tectonic earthquake signals are evaluated at attic floor and gable top 
(ridge beam) level, and the corresponding results are reported and dis
cussed in Section 3. Based on these outcomes, the final protocol for the 
experimental campaign is defined (Section 4), followed by the conclu
sions of this work (Section 5).

2. Methodology

2.1. Derivation of input motions for the induced earthquake scenario

2.1.1. Building typology adopted for the numerical simulations
Within the ERIES-SUPREME project, one of the reference building 

stocks is that of the Groningen province (NL), an area affected by 
human-induced earthquakes resulting from gas extraction activities. The 
majority of the existing building stock in this region consists of low-rise 
URM structures, not designed to withstand seismic loads [76], which 
commonly feature gables supporting timber roofs. These buildings are 
therefore relevant for deriving input motions representative of induced 
seismicity, characterised by low intensity and short significant duration, 
in support of the ERIES-SUPREME experimental campaign. An idealized 
terraced house, typical of the Groningen region, is selected as reference 
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building typology for predicting the seismic motion acting at base and 
top of masonry gables (Fig. 2a). This selection is based on a previously 
investigated structure [77], with its main characteristics and modelling 
assumptions maintained for the present study. The selected building has 
in-plan dimensions of 7.3 × 6.1 m, and an overall height of 8.2 m; each 
storey and the gables have height of approximately 2.7 m. The building 
relies on URM cavity walls: the inner leaf and internal walls are made of 
100-mm-thick calcium-silicate (CS) bricks, the outer leaf is made of 
100-mm-thick clay brick masonry, and steel ties provide the connection 
between the two leaves. The terraced house consists of two floors and an 
attic level. The ground floor is made of prefabricated arched concrete 
elements, the first and second (attic) floors are made of cast-in-situ 
reinforced concrete (RC) slabs, while the roof is made of timber pur
lins and trusses with concrete roof tiles [77]. Overall, the selected house 
features a sufficiently stiff and resistant masonry structure with rigid 
floors up to the attic level and a flexible roof with slender gables. This 
makes this building a relevant case for investigating the seismic 

vulnerability of the gables and their interaction with the roof structure.
A variety of numerical modelling strategies (including but not 

limited to [78–89]) can be used to simulate the seismic response of URM 
buildings. In this study, the numerical model of the building is created in 
the finite element software DIANA FEA version 10.6 [90]. The masonry 
walls are simulated using shell elements featuring the Engineering Ma
sonry Model (EMM) [91,92], a total-strain based continuum model that 
accounts for tensile, shear and compression failure of the masonry. All 
internal 100-mm-thick CS walls are explicitly modelled to include their 
stiffness and strength to the whole building response. However, while 
the loadbearing internal walls, running transversely in the middle of the 
building unit, are fully connected to both bottom and top floor and to the 
longitudinal external façades with openings (Fig. 2a), the non
loadbearing internal walls are disconnected from the floor above so that 
no force may be transferred. In addition, the lateral wall-to-wall con
nections with the transverse external façades (without openings, Fig. 2a) 
are modelled with strips of weak elements, having mechanical 

Fig. 1. Methodology for defining the loading protocol for induced input accelerograms employed in the experimental campaign of the ERIES-SUPREME project [64], 
starting from numerical time-history analyses on a reference URM building with three different roof typologies.
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properties reduced by 30 %, and simulating vertical mortar joints [77]. 
Given the negligible shear stiffness of the wall ties [93,94], they are 
assumed to transfer only axial loads. For this reason, the cavity-wall 
system is simulated by explicitly modelling the loadbearing inner leaf, 
while the outer leaf is considered as dynamic mass, having a specific 
weight of 14 kN/m3 [77], acting in the wall out-of-plane direction and 
contributing only to the inertial forces in nonlinear time-history analyses 
[90]. The main properties of the external and internal masonry walls 
adopted for the numerical model are reported in Table 1. For masonry 
elements, a mesh size of 200 mm is adopted, in agreement with previ
ously conducted analyses on similar URM buildings [95,96].

The concrete floors are simulated via non-linear shell elements, using 
the Total Rotating Strain Crack Model for the concrete and the Von Mises 
Plasticity Model for the steel reinforcement [77]. A Young’s modulus of 
27000 MPa, and uniaxial tensile and compressive strength of 1.57 MPa 
and 20 MPa, respectively, are assumed for concrete, while a Young’s 
modulus of 200000 MPa and yield strength of 400 MPa are adopted for 
the rebars [77].

The timber purlins, struts, ties and the ridge beam supporting the 
roof structure, are modelled by means of linear elastic isotropic beam 
elements with a Young’s modulus of 9000 MPa [77]. The connections 
between the gables and the purlins or ridge beams are simulated through 

point interface elements using a Coulomb friction material model with 
cohesion of 0.02 MPa and friction coefficient of 0.6, to capture the po
tential sliding of the beams in the pocket connections [77].

All structural element geometries and properties are kept identical 

Fig. 2. Model of the reference building in DIANA FEA (a) and analysed roof configurations as implemented in the numerical model in comparison to available 
experimental tests (b): flexible (existing) timber roof structure (c); semi-flexible roof retrofitted with plywood panels (d); stiff (retrofitted) concrete roof (e). The 
symbols m and K denote the mass and secant in-plane stiffness of the roof diaphragms at 10 mm distortion, respectively.

Table 1 
Reference properties for the shell elements representing masonry walls in the 
numerical model [77].

Property Value

Young’s modulus perpendicular to bed joint Ey [MPa] 4000
Young’s modulus parallel to bed joint Ex [MPa] 2667
Shear modulus G [MPa] 1650
Density ρ [kg/m3] 1850
Bed-joint (tensile) strength fy [MPa] 0.15
Minimum head-joint strength fx,min [MPa] 0.30
Fracture energy in tension Gf,I [N/m] 10.0
Angle between stepped diagonal crack and bed joint α [rad] 0.62
Compressive strength fc [MPa] 7.0
Fracture energy in compression Gc [N/m] 15000
Friction coefficient 0.60
Cohesion c [MPa] 0.25
Fracture energy in shear Gs [N/m] 100
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for all models presented in this study, with the only key variable being 
the roof structure. Indeed, three roof configurations are accounted for in 
the reference full-scale experimental shake-table tests on masonry ga
bles. Therefore, the analysis first focuses on the as-built state of a 
terraced house with a flexible timber roof, whose behaviour can be 
approximated as linear elastic (Fig. 2b, c). A second case involving a roof 
retrofitted with timber-based techniques having a semi-flexible, 
nonlinear, dissipative behaviour is considered (Fig. 2b, d). Finally, a 
stiff concrete roof structure is also accounted for (Fig. 2b, e).

In the numerical model representing the existing terraced house with 
flexible roof, the properties of the timber planks are derived based on 
previous experimental and analytical studies on as-built wooden roof 
structures typical for the Groningen area [56]. The roof planks are 
modelled with linear elastic orthotropic shell elements, whose proper
ties are reported in Table 2 and are consistent with the limited secant 
stiffness observed during an in-plane cyclic test on a replicated timber 
roof from the Groningen region (Fig. 2b, c). In this case, nonlinearities 
are not taken into account because of the very limited energy dissipation 
observed in related experiments (Fig. 2b) [56].

The timber-based retrofitted roof (Fig. 2b, d) allows the study of a 
configuration with intermediate stiffness between the as-built and the 
stiff case, and its effect on the out-of-plane response and related accel
erations of the gables. The considered timber-based retrofit consists of 
an overlay of plywood panels fastened to the existing planks. This so
lution greatly improves the in-plane strength and stiffness of di
aphragms, also providing beneficial energy dissipation [45,50,52–58, 
97]. To accurately simulate the in-plane response of such structure, a 
macro-element strategy was adopted, whose analytical and numerical 
background is described in detail in [97,98]. The mesh of 
macro-elements consists of quadrilaterals made up of rigid truss ele
ments, hinged each other and surrounding two diagonal truss elements, 
in which the nonlinear response of the roof is implemented by means of 
a previously developed user-supplied subroutine running in DIANA FEA 
[98]. The macro-elements are overlaid onto the shell elements repre
senting the existing timber planks described above, and are calibrated 
according to the approach reported in [98], with reference to an 
experimentally tested plywood-strengthened roof sample [56]. The 
resulting nonlinear cyclic in-plane response of this roof configuration up 
to a deflection of 40 mm is shown in Fig. 2b, and is consistent with the 
related experimental results, in terms of transferred in-plane shear and 
pinching behaviour [56].

Finally, in the case of the stiff roof configuration (Fig. 2b, e), a 
concrete slab cast fully collaborating with the existing roof structure is 
assumed, simulating a retrofitting solution widely adopted in the past. 
The properties of the linear elastic shell elements simulating the roof are 
then assumed as those of reinforced concrete (Young’s modulus 
E = 30000 MPa, shear modulus G = 13000 MPa with Poisson’s ratio υ =
0.15, density of 2500 kg/m3).

2.1.2. Conducted numerical analyses
For all the developed models, modal analyses and incremental 

nonlinear dynamic (time-history) analyses are performed. The modal 
analyses allow to compare the flexible, semi-stiff, and stiff 

configurations in terms of eigenfrequencies and mode shapes, with 
specific reference to the gable level (Section 3.1). The time-history an
alyses are conducted based on an accelerogram representative of 
induced seismicity, scaled up to an intensity that has proved to be 
significantly severe for the selected building typology [77]. The accel
erogram features a Peak Ground Acceleration (PGA) of 0.14 g, corre
sponding to the design acceleration specified for the original building 
location, as indicated in the NPR 9998 web tool [75], an interactive 
digital platform designed to assist engineers and stakeholders in 
applying the Dutch seismic guidelines NPR 9998 [74]. The input signal 
is applied to the models at the bottom of the building, along the direction 
perpendicular to the plane of the gable, so as to reproduce the same 
loading conditions of the ERIES-SUPREME experimental campaign.

The dynamic simulations for deriving the induced seismicity records 
at the top and bottom of the gables, are performed at various intensity 
levels, up to a PGA of 0.27 g, with the structure exhibiting different 
levels of damage at each intensity. The records selected for testing, 
shown in Sections 3.1 and 4, are ultimately taken with reference to 
minor to moderate structural damage (DS2-DS3) for the building, in 
order to avoid unrealistically high amplifications, and are then scaled 
according to the requirements of the testing sequence (Section 4). The 
adopted induced accelerogram combines the original design motion 
[75], already provided under conservative assumptions in terms of 
amplitude, duration, and hazard models, with a large scaling factor. This 
scaling was primarily selected to induce sufficient damage and OOP 
displacements in the gable walls for all three configurations, thereby 
enabling the characterisation of the roof’s filtering action beyond the 
elastic range in the modelled URM house, which ultimately allows to 
appreciate the desired damage levels during the shake-table tests. 
Additionally, the intensity of the scaled motion is comparable with the 
highest and most conservative design-level hazard defined for the Gro
ningen province in [75]. However, it is important to note that the 
amplified motion is not meant to reflect the actual seismic hazard in the 
area, where the largest recorded PGA to date was equal to 0.11 g, 
observed during the ML 3.4 Zeerijp earthquake on January 8th, 2018 
[99]. Besides, the complete gas field closure, become definitive in 2024, 
is expected to further reduce the seismic hazard in the area. For these 
reasons, stronger induced earthquake signals are not considered, and 
input motions derived from tectonic earthquakes are adopted to test the 
gables up to extensive structural damage and failure, covering higher 
seismic intensities and longer significant durations (Sections 2.2 and 4).

2.2. Derivation of input motions for the tectonic earthquake scenario

For the definition of the tectonic input motions, a real-case scenario 
has been selected, since actual earthquake recordings are available. In 
particular, a monitored two-storey masonry building used as an 
elementary school, located in Visso (Province of Macerata, Italy) is 
considered [69,70,100,101]. This structure features regular undressed 
stone masonry walls, with a thickness of 66–87 cm, and consisting of 
approximately 30 × 15 cm double wythe blocks, with header stones 
connecting the two wythes [100]. Rigid diaphragms, composed of 
one-way concrete slabs with joists and hollow clay elements, are present 
at ground and first floor, while a more flexible diaphragm made of steel 
joists and hollow clay elements is located at attic level.

This building is part of the network of the Seismic Observatory of 
Structures (OSS), coordinated by the Italian Department of Civil Pro
tection [69]. This network comprises a series of buildings and bridges 
across Italy equipped with a monitoring system. As part of the moni
toring system, several accelerometers are placed within the building 
(Fig. 3): among them, one at ground floor (NF in Fig. 3c) and one at the 
attic floor level (A8 in Fig. 3c) have been selected, with the latter pre
cisely corresponding to the needed input for the bottom shake table. The 
recordings of these accelerometers during the 2016 earthquakes that 
struck Central Italy, represent a reliable tectonic seismic excitation at 
the gable level for the desired extensive structural damage state (DS4), 

Table 2 
Reference properties for the shell elements representing timber roof 
sheathing in the numerical model.

Property Value

Young’s modulus Ex [MPa] 10000
Young’s modulus Ey [MPa] 10000
Young’s modulus Ez [MPa] 10000
Density [kg/m3] 380
Poisson’s ratio υ [-] 0.15
In-plane shear modulus Gxy [MPa] 2.0
Shear modulus Gyz [MPa] 625
Shear modulus Gxz [MPa] 625

M. Mirra et al.                                                                                                                                                                                                                                  Structures 79 (2025) 109419 

5 



considering also the partial collapse of the building during this earth
quake sequence (see Fig. 3b and Section 3.2).

Based on the recorded signal at the attic level of the selected URM 
structure, the influence of the roof stiffness in the response of the gables 
is then studied by employing an elastic single-degree-of-freedom (SDOF) 
system to simulate the gable-roof interaction and determine the accel
eration at the roof ridge (top of the gable), as further discussed in Section 
3.2.

3. Results

3.1. Numerical analyses of the reference Dutch terraced house subjected 
to induced seismicity

The three roof configurations in the reference URM terraced house 
are first compared in terms of results from modal analysis: the vibration 
periods in the OOP direction of the gables and mode shapes obtained for 
them are illustrated in Fig. 4. When considering the as-built configura
tion (Fig. 4a), a local OOP mechanism involving the overturning of the 
gables is observed, due to the flexible roof structure. Although this local 

mode involves participating mass factor of 10 % of the total mass, it is 
relevant as it highlights the mechanism at the level of the roof-gable 
system, a typical failure mode observed in case of a flexible roof dia
phragm. In contrast, both the configurations with semi-flexible and stiff 
roof exhibit a stiffer response with lower periods, and mode shapes 
uniformly engaging the whole building, as expected (Fig. 4b, c); this is 
also reflected in the larger participating mass factor associated with 
these modes (67 % and 69 % of the total mass, respectively). Interest
ingly, the periods of the configurations with semi-flexible and stiff roof 
diaphragms are practically identical. This can be attributed to the fact 
that the in-plane stiffness of the diaphragms is in both cases very large 
relatively to the OOP stiffness of the gables, leading to the observed 
global mode shapes and large participating masses, as opposed to the 
flexible roof diaphragm configuration.

The outcomes from the nonlinear time-history analyses are presented 
in the following in terms of accelerations (Fig. 5) and displacements 
(Fig. 6) recorded at the bottom and at the top of the gable. Specifically, 
these control nodes are located at a point on the attic just below the 
centre of the gable wall, and at the extremity of the ridge beam above the 
top of the gable, in the case of a timber roof, or at a point of the concrete 

Fig. 3. Views of the monitored URM building selected for the definition of the tectonic input motions before (a) and after (b) the 2016 Central Italy earthquakes 
[100],[101]; schematic 3D representation of the building with overview of available and selected (NF and A8) accelerometers (c).

Fig. 4. Modal analysis results: vibration modes and 3D displacement distribution rendering in the OOP direction of the gables within the building, with flexible (a), 
semi-flexible (b), and stiff (c) roof.
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slab next to the top of the gable, in the case of a concrete roof, indicated 
in Fig. 5 as a red or blue dot, respectively. Additionally, the crack pattern 
of the gable walls is shown (Fig. 7). All these results refer to the same 
input accelerogram for the building imposed at its base, scaled at a PGA 
of 0.27 g.

The acceleration time histories recorded for the bottom and top of 
the gables are shown in Fig. 5. When examining the signals at the bottom 
of the gable (attic floor), the peaks and corresponding frequencies are 
very similar for all the three configurations for the examined building: at 
the attic level an amplification of the acceleration of approximately 1.5 
times the input ground motion is observed, corresponding to values of 
0.42–0.46 g (Fig. 5). The effect of roof stiffness becomes apparent when 
comparing the signals simulated at the top of the gables. As expected, 
the accelerations progressively decrease as the stiffness of the roof 

structure increases. Furthermore, in the case of the flexible roof 
(Fig. 5a), the signal not only shows an acceleration amplification of up to 
2.8 times compared to the accelerogram at the attic level, but is also out 
of phase. Compared to the other roof configurations, this induces an 
earlier damage and an OOP displacement of more than half of the gable 
thickness, which could be associated with an OOP failure of the gable. 
The presence of a semi-flexible roof (Fig. 5b), which can also dissipate 
part of the energy imparted by the earthquake, results not only in a 
reduction of the acceleration amplification with respect to the attic level 
(up to 1.7 times), but also in an in-phase response. Finally, with a stiff 
roof (Fig. 5c), the amplification effect at the top of the gable is negli
gible, as expected.

Fig. 6 shows the relative displacement between the roof top and the 
attic recorded during the performed time-history analyses. This 
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corresponds to the in-plane deformation of the roof structure, and re
lates to the hysteretic behaviour of each of the three considered con
figurations. These graphs confirm the previous outcomes analysed in 
terms of accelerations, and are consistent with the roof stiffness of each 
model. The same input ground motions generate large in-plane dis
placements in the flexible roof (Fig. 6a), which could potentially lead to 
the OOP collapse of the gable. In contrast, these displacements are 
limited for the semi-flexible configuration (Fig. 6b), although sufficient 

to activate energy dissipation in the diaphragm. The stiff roof, as ex
pected, shows negligible in-plane displacements (Fig. 6c). Furthermore, 
the previously observed transition from a phase shift in the seismic 
motion of the flexible roof diaphragm to a more in-phase response of the 
semi-flexible and stiff roof configuration, is also confirmed by con
structing the Lissajous diagrams [36] corresponding to the recorded 
displacement time-histories at the top (Δtop) and bottom (Δbottom) of the 
gable (Fig. 6d-f). This representation is useful for highlighting phase 
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shift in seismic signals and has previously been adopted to describe the 
OOP response of URM walls subjected to relative support motions [36]. 
The diagrams are constructed by plotting together Δtop and Δbottom, 
normalizing them by dividing by their absolute maximum values 
max|Δtop| and max|Δbottom|, respectively (Fig. 6d-f).

The crack patterns of the whole building and close-ups of the gables 
are shown in Fig. 7. The presence of a flexible roof diaphragm (Fig. 7a) 
corresponds to extensive OOP cracks and damage especially at the base 
of the gables, along with limited in-plane damage to the piers at the 
lower building storeys. In both the semi-flexible (Fig. 7b) and stiff 
(Fig. 7c) roof, the building exhibits a more favourable global box-type 
response, with a significantly lighter crack propagation in the gables 
and more spread in-plane damage in the piers. A slightly more pro
nounced in-plane damage on the masonry piers is observed for the stiff 
roof configuration, due to the larger mass and the absence of hysteretic 
energy dissipation activated in the diaphragm, as opposed to the semi- 
flexible configuration.

3.2. Tectonic seismic signals from the referenced monitored building in 
Italy

The selected recordings of the 2016 Central Italy earthquake from 
the monitored school in Visso (Section 2.2) are reported in Fig. 8a for the 
ground and attic floor. The selected signal is a strong motion recorded in 

Ussita (Macerata, Italy), with the epicenter located 4 km away, corre
sponding to a magnitude 5.9 event that occurred on October 26, 2016, at 
19:18:04 UTC. The chosen direction is NW-SE (Fig. 3c), with a PGA of 
0.365 g. This direction has been selected because the seismic signal 
features a smooth response spectrum, in line with that related to the 
induced earthquake signal, and is associated with a displacement de
mand in continuity with the induced earthquake scenario. It is inter
esting to notice that, also for this real-case URM building, an 
acceleration amplification of approximately 1.5 times is observed at the 
attic level compared to the ground. The recorded signal at the attic floor, 
representative of tectonic seismicity, is directly imposed at the bottom of 
the gables in the reference experimental campaign (Section 4).

Starting from the signal recorded at the attic level of the monitored 
building, the influence of the roof stiffness on the response along the 
height of the gable is accounted for, considering the results obtained by 
the performed numerical analyses for the induced seismicity scenario 
(Section 3.1). Specifically, in the stiff roof scenario, the same signal 
recorded at the attic level is assumed for the top of the gable, due to the 
negligible difference observed between the two. For the semi-flexible 
roof configuration, the signal at the top of the gable is assumed as an 
amplification of the motion at the attic floor (bottom of the gable) by a 
factor of approximatively 1.7 (Section 3.1), neglecting any phase shift
ing as suggested by numerical analyses on this roof configuration. 
Finally, for the flexible roof scenario, an elastic single-degree-of- 

Fig. 7. Crack pattern for the whole building and for the gables developed during the induced earthquake signal imposed at the base of the house (PGA = 0.27 g). In 
the contour plot legend, the upper limit for the principal crack width is set at 1.5 mm to enhance and compare the damage; the actual recorded maximum width is 
7.29 mm for the flexible roof case (a), 6.24 mm for the semi-flexible roof case (b), 6.51 mm for the stiff roof case (c). Floors and right out-of-plane walls below the 
attic level are hidden to better show all in-plane walls and the gables.
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freedom (SDOF) system is employed to simulate the gable-roof inter
action (Section 2.2) and determine the acceleration at the roof ridge (i. 
e., top of the gable). Thus, the signal at attic level is applied to the SDOF 
system, featuring a period TSDOF = 0.5 s and a damping ratio ζSDOF 
= 5 %, both representative of the in-plane response of flexible timber 
roofs [56], resulting in a significant acceleration amplification at the top 
of the gable (ridge beam), and thus a large displacement demand typical 
of an as-built roof structure with gables (Fig. 8b). Consistently with the 
induced seismicity scenario, an out-of-phase response and a amplifica
tion factor of approximately 2.6 between bottom and top of the gable, 
are obtained.

4. Definition of the testing protocol for the ERIES-SUPREME 
experimental campaign

The acceleration signals presented in Sections 3.1–3.2 serve as basis 
to define the testing protocol for the shake-table tests on the full-scale 
masonry gables. The following key results have been considered in the 
design of this protocol. First, in both induced and tectonic earthquake 
scenarios, the structure of the building amplifies the bottom seismic 
excitation by a factor 1.5 from foundations up to the attic level. This 
demonstrates that even with no amplification at the roof, the building 
itself significantly filters the motion applied at the ground level, as 
confirmed by both the actual recordings of tectonic earthquakes and the 
numerical analyses under induced seismic events. Second, in the case of 
the flexible roof, the ridge beam supported at top of the gables experi
ences an acceleration amplified by up to 2.8 times compared to the attic 
floor. Notably, the two signals are out of phase, which contributes to 
early damage and potential failure of the gables. The recorded amplifi
cation appears to be consistent with previous results from experimental 
shake-table tests on URM buildings with flexible roofs, ranging from a 
value of 2.3 [40] to 2.9 [44] at collapse-prevention limit state (DS4). For 
the semi-flexible roof configuration, while the ridge beam (corre
sponding to the top of the gable) still experiences an acceleration 
amplified by up to 1.7 times compared to the base of the gable, the two 
signals remain in phase. Finally, with the stiff roof configuration, the 
accelerations at the top and bottom of the gable are almost identical, 
indicating no amplification as expected.

The adopted protocol considers the type and intensity of the applied 
signals, as well as the technical capabilities and general characteristics 
of the 9D LAB system. As shown previously in Fig. 1, the top shake table 
is positioned at a greater height (htop) than that of the ridge beam (hridge). 
This difference is accounted for in the testing protocol by defining the 
corresponding input acceleration for the top shake table as: 

atop = (aridge – aattic)⋅ htop / hridge + aattic                                           (1)

In Eq. 1, aridge and aattic are the accelerations at top and bottom of the 
gables recorded in the numerical analyses, while the ratio htop / hridge is 
quantified based on the known geometry of test setup and gable: 

htop / hridge = 3750 mm / 2900 mm ≈ 1.3                                        (2)

This adjustment is applied for both induced earthquake signals, used 
as input motions up to PGA ≤ 0.30 g, and tectonic earthquake signals, 
used as input motions for PGA > 0.30 g.

Starting from either the motion recorded via the numerical simula
tions for an induced earthquake or the recorded tectonic motion to be 
applied for all roof configurations to the bottom shake table (simulating 
the attic level of a URM building) of the 9D LAB, the input signal for the 
top shake table is defined as follows: 

• For the stiff roof scenario, the same signal applied to bottom shake 
table is equally applied also to the top one, given the negligible 
difference between the responses at the bottom and top of the gable.

• For the semi-flexible roof scenario, the input motion at the top shake 
table is defined as an amplification of the signal at the bottom by a 

factor of 2.0, applicable to both induced and tectonic motions. This 
factor incorporates the roof stiffness amplification factor of approx
imately 1.7 (Section 3.1) and the geometrical characteristics of the 
test setup (as detailed in Eq. 1). This assumption is considered valid 
due to the negligible, and nearly experimentally unreproducible, 
phase shift observed between the base and the top of the gable in the 
numerical analysis (Fig. 6e). Furthermore, considering the main 
intention of the experiments to be numerical benchmarks, for a more 
robust calibration or validation of numerical models developed on 
the basis of the test results, it is convenient to separately asses the 
effects of the signal amplification, addressed in this scenario, and 
those of the amplification combined with phase shift (flexible roof 
scenario). By considering a 2 × amplification of the signal applied at 
the bottom of the gable, larger relative displacements are obtained 
between the top and bottom of the gable compared to the numerical 
results presented in Fig. 6b (see Table 3).

• For the flexible roof scenario, a distinction is made between the 
induced and the tectonic earthquake scenarios. In the former case, 
the accelerations recorded via the numerical simulations at the attic 
and the ridge beam (Section 3.1) are used, and the final motion is 
obtained by applying Eq. 1. In the latter scenario, the recorded attic 
floor signal is considered and filtered through the adopted SDOF 
system (Section 3.2), with Eq. 1 also applied to finally derive the 
input motion for the top shake table.

The induced and tectonic input signals at the bottom (attic floor) and 
top (ridge beam) of the gable are shown and compared in Fig. 9, along 
with the corresponding response spectra to highlight their frequency 
content. Table 3 complements this information by summarising typical 
strong motion characteristics for the selected motions, differentiating 
between induced and tectonic seismicity as well as among the ground 
floor (i.e., the original signal at the base of the building), the attic floor 
(i.e., bottom of the gable) and the roof ridge (i.e., top of the gable). These 
strong motion characteristics include peak ground acceleration (PGA), 
peak attic floor acceleration (PFA), peak ridge acceleration (PRA), 
average spectral acceleration (Sa,avg) between 0.02 s and 0.67 s (i.e., 
between the uncracked and cracked period of the gable [64]), cumula
tive absolute velocity (CAV), Arias Intensity (IA), Housner Intensity (IH) 
between 0.1 s and 2.5 s, 5 %-95 % significant duration (D5–95), period 
corresponding to the maximum spectral acceleration (Td), and the 
maximum absolute value of the relative displacement between the ridge 
and the attic floor (Δmax).

The final testing protocol for the ERIES-SUPREME experimental 
campaign is then established by progressively scaling both induced and 
tectonic earthquake signals. The induced-motion tests begin with a 
scaling factor of 0.10, followed by increments of 0.10 up to 0.50, after 
which the scaling factors increase to 0.75 and 1.00. To ensure some 
continuity between the two input scenarios, tectonic motion tests start 
with a scaling factor of 0.50 and increase by increments of 0.25 until 
reaching 2.50. Additional tests beyond a scaling factor of 2.50 are 
conducted with increments of 0.50.

5. Conclusions

This work has discussed the selection of the input motions in support 
of the out-of-plane dynamic shake-table testing of masonry gables at the 
9D LAB facility at EUCENTRE (Pavia, Italy). The goal is to characterise 
their out-of-plane (OOP) response as a function of the roof stiffness 
within the ERIES-SUPREME research project, considering both induced 
and tectonic earthquake scenarios. To investigate the former case, 
advanced numerical analyses have been performed on a reference ma
sonry building typical for the province of Groningen (NL), which is 
subjected to induced seismicity. The main seismic vulnerability of the 
selected building is related to the presence of a flexible roof structure 
and slender masonry gables, prone to local OOP collapse. The building 
has been investigated in the existing (as-built) condition with a flexible 
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timber roof, as well as in two retrofitted conditions: one with a stiff 
concrete roof, and another with a semi-flexible roof strengthened with a 
timber-based intervention, representing an intermediate situation. To 
investigate the tectonic earthquake scenario, a monitored masonry 
building in Italy has been selected, from which the recordings of the 
2016 Central Italy earthquake at ground and attic floor level are avail
able. At attic level, the recorded amplification of the base excitation 

caused by the building was 1.5 times, the same resulting from the nu
merical analyses related to the induced earthquake scenario. The gable- 
roof interaction for the flexible roof scenario simulated with the adopted 
elastic SDOF system was also very similar, with an out-of-phase response 
amplified by up to 2.8 times. Consistently with the numerical outcomes, 
for the semi-flexible roof scenario, the signal at ridge beam consisted of 
that at attic level amplified by 1.7 times, while for the stiff roof case the 

Table 3 
Summary of main strong motion characteristics associated with the selected earthquake signals.

Strong motion 
characteristics

Design-level induced seismicity motions Recorded tectonic seismicity motions

Ground floor Attic floor* Ridge Ground floor Attic floor* Ridge

All 
scenarios

All scenarios Semi-flexible Flexible All 
scenarios

All scenarios Semi-flexible Flexible

PGA [g] 0.27 - - - 0.36 - - -
PFA [g] - 0.42 - - - 0.55 - -
PRA [g] - - 0.75 1.19 - - 0.96 1.33
Sa,avg [g] 0.53 0.86 1.53 2.67 0.67 1.14 2.02 2.78
CAV [m/s] 2.97 5.35 9.48 17.6 8.88 14.3 25.3 47.2
IA [m/s] 0.44 1.32 4.15 12.0 1.54 3.87 12.2 37.4
IH [m] 0.81 0.95 1.69 2.24 1.01 1.41 2.50 3.44
D5–95 [s] 2.70 2.92 2.92 4.23 7.75 7.55 7.55 10.5
Td [s] 0.48 0.22 0.22 0.50 0.68 0.66 0.66 0.50
Δmax [mm] - - 25.4 56.8 - - 42.5 82.2

* The same motion is also applied at the ridge in the case of the stiff roof scenario.
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same signal was considered.
Based on these findings and assumptions, the testing protocol has 

been defined by taking into account the characteristics of the 9D LAB 
facility, and combining the effects of both induced and tectonic seismic 
signals, which allow to reproduce moderate and extensive structural 
damage, respectively. The selected input motions feature smooth 
response spectra, and ensure continuity in the spectral accelerations and 
displacement demands between the two different earthquake scenarios 
throughout the testing protocol. The adopted signals serve as the input 
motions for the bottom and top shake tables in the 9D LAB, allowing for 
the investigation of the gable dynamic response. For the induced 
earthquake scenario, these motions result in in maximum relative dis
placements between gable top and bottom of 57 mm and 25 mm for the 
flexible and semi-flexible configuration, respectively; the stiff configu
ration show no relative displacement. For the tectonic earthquake sce
nario, these relative displacements are equal to 82 mm and 43 mm for 
the flexible and semi-flexible configuration, respectively; also in this 
case, the stiff configuration show no relative displacement. Thus, this 
protocol allows to account for different roof stiffnesses and ground 
motion typologies, forming the basis for a comprehensive investigation 
on how these factors influence the dynamic out-of-plane response of 
masonry gables. The results of the ERIES-SUPREME experimental 
campaign are planned to be presented in an upcoming dedicated 
publication.
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[15] Mercimek Ö. Seismic failure modes of masonry structures exposed to 
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