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Abstract. Low-rise masonry buildings worldwide frequently feature unrein-
forced masonry (URM) walls coupled with various pitched roof configurations
supported by masonry gables. Past earthquakes have highlighted the vulnerability
of these components to out-of-plane seismic loads due to their high slenderness,
insufficient roof connections, and exposure to amplified accelerations while being
subjected to minimal overburden due to their location at the upper part of buildings.
This study presents key insights from the experimental campaign of the ERIES-
SUPREME project, aimed at enhancing the understanding of the out-of-plane
seismic behavior of masonry gables. Incremental dynamic tests were performed
on three full-scale URM gables, simulating both induced and tectonic earthquake
scenarios until collapse, using two shake tables. Differential motions at the top
and bottom tables reproduced the interaction of the gables with three different
roof diaphragm configurations, each introducing a unique filtering effect on the
seismic input. The outcomes of the experiments can be used for refining existing
numerical modelling strategies as well as contribute to developing improved tools
for the seismic assessment of URM gables.

Keywords: Differential input motions - Gable walls - Incremental dynamic
shake-table tests - Roof stiffness - Out of plane - Unreinforced Masonry

1 Introduction

Unreinforced masonry (URM) structures form a significant portion of the building stock
in many areas worldwide. These structures often exhibit a relevant seismic vulnera-
bility, mainly attributable to the poor material mechanical properties, and to the lack
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of adequate detailing to prevent local failures such as wall out-of-plane (OOP) over-
turning. This vulnerability has been documented in post-earthquake damage surveys
reported in numerous studies [1-4]. These structures are prevalent in seismically active
regions, including areas affected by both natural and induced seismicity. Typical low-
rise masonry buildings consist of URM walls with different timber roof configurations,
generally supported by masonry gables. Post-earthquake damage surveys and experi-
mental evidence [5, 6] recognized masonry gables as structural elements significantly
vulnerable to OOP failures. Their vulnerability is mostly attributed to their high slen-
derness, weak connections to the roof structure, and location at the top of the building
where seismic amplification is typically most pronounced. This location exposes them
to amplified seismic excitation compared to the motion at the ground, while they are
subjected to minimal vertical overburden loads. Nonetheless, experimental and numer-
ical investigations on the seismic response of URM gable walls remain limited in the
literature [7, 8], with most studies focusing on walls with rectangular geometries [9-15],
leaving a gap in the understanding of the gable behavior under seismic loading.

To address this gap, this paper presents a dynamic full-scale shake-table testing
campaign on three full-scale URM gables to investigate their seismic behavior until
complete collapse. The tested gable specimens and their material properties are first
described. Although the roof was not explicitly included in the experiments, the effect
of its stiffness on the gable response is accounted for by applying differential input
motions through two shake tables: one at the gable base and another at its top. A detailed
description of the experimental setup is then provided. Input motions representative of
both induced and tectonic seismicity were applied to the shake tables and are described
alongside the incremental dynamic testing sequence. Finally, the main experimental
results are presented, comparing the response of the three gables interacting with roofs
of varying stiffness. All experimental data, and the associated instrumentation schemes,
are openly available for download at https://doi.org/https://doi.org/10.60756/euc-1av
y7q49 [16].

2 Description and Mechanical Characterization of the Masonry
Specimens

2.1 Specimen Geometry

The test specimens of the experimental campaign consisted of three identical full-scale
URM gable walls, which were built on a composite steel-concrete foundation. Each
specimen had a length of 6 m and height of 3 m. The gables were built using clay
bricks, with average dimensions of 230 x 105 x 55 mm, resulting in a gable thickness
of 105 mm. The gables consisted of 45 courses of bricks, and all mortar joints were
10-mm-thick (Fig. 1).

Moreover, five joist pockets were realized to accommodate the timber beams of the
roof, with a cross-section of 100 x 200 mm. These beams were used to transfer the
vertical load representative of the roof diaphragm weight, resulting in an overburden of
0.07 MPa at the mid-height of the gable. Hence, a vertical load of 4.5 kN was applied
through each timber beam, resulting in a total vertical load of 22.5 kN, simulating half
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the weight of a typical timber roof diaphragm, consistent with the geometry of the tested
gable specimen. These beams were also used to apply lateral loads along the height of
the specimen, as further discussed in the following sections.
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Fig. 1. Full-scale masonry gable specimen details and pictures. Units of mm.

The experimental tests were conducted without steel anchors between the timber
joists and masonry gables. This approach simulated a “worst-case” scenario, where
timber-to-masonry connections relied entirely on friction, providing a lower-bound
estimate of the gable seismic resistance.

2.2 Summary of Material Mechanical Properties

The tested gable specimens were accompanied by complementary material character-
ization performed on unit, mortar, and masonry as a composite material. All material
characterization tests were performed at the “Giorgio Macchi” Material and Structural
Testing Laboratory of the Department of Civil Engineering and Architecture (DICAr)
of the University of Pavia (Italy), on specimens that reached 28 days of maturation.

The characterization included the compressive ( f.) and flexural strength ( f;) of mor-
tar, the compressive ( f,) strength of bricks, the compressive strength ( f,,;) of masonry
perpendicular to bed joints, and secant elastic modulus (E,,) calculated between 10 and
33% of f,,, the bond strength ( f,,) of masonry, the initial shear strength ( f¢) and fric-
tion coefficient (u). All tests were performed following the latest applicable European
norms [17-21]. Furthermore, to characterize the response of masonry bed joints under
torsional shear stress ( fy0,i0r, H1or €valuated assuming a linear elastic hypothesis), a
dedicated test was performed [22]. The density of masonry (p,,) was determined from
the average weight of the tested gables. Table 1 summarizes experimental mean values
and coefficient of variation (C.0.V.) for the investigated mechanical properties.
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Table 1. Summary of unit, mortar and masonry mechanical properties.

Material properties Symbol Units Mean C.o.V
Mortar compressive strength fe [MPa] 0.68 0.26
Mortar flexural strength f1 [MPa] 0.20 0.50
Unit/brick compressive strength fu [MPa] 42.57 0.09
Masonry compressive strength fm [MPa] 7.44 0.10
Masonry elastic modulus En [MPa] 4072 0.11
Masonry initial shear strength fvo [MPa] 0.19 -
Masonry friction coefficient % [-] 0.51 -
Masonry bond strength fw [MPa] 0.21 0.48
Masonry initial shear strength (torsional) fvo,tor [MPa] 0.42 -
Masonry friction coefficient (torsional) Wior [-] 1.15 -
Masonry density Pm [kg/m3] 1883 -

3 Testing Layout and Setup

3.1 Testing Layout

Three dynamic shake-table tests on full-scale masonry gables were performed at the 9D
LAB of the EUCENTRE facilities in Pavia, Italy. This advanced seismic testing system
features a dual shake-table configuration, including a top and bottom table capable of
applying differential input motions covering nine degrees of freedom. This setup enables
reproducing interstorey displacements occurring during earthquakes. The 9D LAB, with
its 4.8 x 4.8 m dimensions, was large enough to accommodate the full-scale gable walls
but not an entire roof diaphragm. To account for the influence of roof stiffness on the
OOP seismic response of the gables, variations in the input motion imposed on the top
shake table were introduced. In particular, three different configurations for the roof
structure were considered: (i) Gable1-STIFF, representing a stiff roof diaphragm, where
the top shake table replicated the motion of the bottom table; (ii) Gable2-SEMIFLEX,
representing an intermediate case, where the top motion was linearly amplified relative
to the base motion; and (iii) Gable3-FLEX, simulating a flexible roof diaphragm, where
the motion at the top was significantly amplified and phase-shifted relative to the base
motion.

3.2 Testing Setup

The experimental setup, depicted in Fig. 2, consisted of a dual shake-table configura-
tion, including a top and bottom table capable of applying differential input motions.
The test setup included a loading frame, composed of shaped profiles, that transferred
accelerations along the gable height through five horizontal loading arms hinged to the
frame. Timber beams were screwed to the steel arms to replicate the presence of tim-
ber joists typically found in real roof structures. The five horizontal loading arms also
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allowed applying the vertical loads to the gable specimens through five springs, one for
each loading arm. These loads were applied to the gable specimens by pulling down the
horizontal steel arms through steel bars in series with the springs (Fig. 3).

It is worth to note that the loading frame was hinged at both the bottom and top shake
tables to avoid introducing additional OOP stiffness and strength to the gable specimen,
whose foundation was fixed to the bottom shake table. A stiff instrumentation frame,
anchored to the bottom shake table, completed the test setup serving as support and a
fixed reference for the instruments.

Loading arm
(hinged to the loading
frame)

Loading frame

Instrumentation
frame URM gable

specimen

Foundation
(fixed to the shake

tabl
Bottom shake able)

table

D —

(a) (b)

Fig. 3. Lateral (a) and front (b) views of the installed loading frame.

A key feature of this experimental setup is its ability to precisely control the boundary
conditions of each masonry gable, ensuring that its seismic response remains independent
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of the loading frame. As illustrated in Fig. 4, during the shake-table test, the gable
specimen is expected to rotate by pivoting at its base, altering the support conditions
of the timber beams. Consequently, rather than being evenly distributed across the full
gable thickness, the vertical load applied through the pre-compressed springs results
concentrated at a single point. However, since this load remains perpendicular to the
bottom shake table, it has minimal impact on the gable specimen out-of-plane seismic

response.

Top Acceleration

Bottom Acceleration

e —

(a) (b)

Fig. 4. Representation of the vertical load application during the test: (a) undeformed configura-
tion of the specimen and loading frame; (b) deformed configuration of the specimen and loading
frame under differential seismic input.

4 Instrumentation, Input Signals, and Testing Protocols

4.1 Instrumentation and Data Acquisition

The instrumentation installed on each gable included accelerometers, potentiometers,
wire potentiometers, and a 3D optical acquisition system. The positioning of the instru-
ments was determined based on the expected deformed shapes and cracking patterns.
Accelerometers were installed on the gable specimens to record acceleration-time his-
tories, with additional units placed on the loading and instrumentation frames, as well
as on the specimen foundation. Potentiometers were used to measure the elongation or
shortening of springs and the relative displacements between the timber beams and the
masonry. Wire potentiometers, attached to both the loading and instrumentation frames,
were used to record displacements of the gable specimens. Finally, the optical monitor-
ing system was employed to measure displacements on the free surface of the gable,
opposite to the loading frame.
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4.2 Input Signals

The 9D LAB setup enabled the application of distinct input motions at the bottom and top
shake tables, simulating the influence of roof diaphragm in-plane stiffness. Two alterna-
tive floor motion (FM) scenarios were considered: FM1, representing induced seismicity,
and FM2, associated with tectonic seismicity. For the induced scenario, numerical anal-
yses were performed on a finite element model of a typical URM building from the
Groningen region in the Netherlands. The building was assessed in its as-built condi-
tions with a flexible timber roof, and in two alternative retrofitted configurations: one
with a rigid concrete roof and another incorporating a timber-based retrofit intervention
resulting in a semi-flexible roof. In the tectonic seismicity scenario, recorded data from
the 2016 Central Italy earthquake, collected at the attic level of a monitored masonry
building, were utilized. In this case, the interaction between the gable and the roof
was modeled using an elastic single-degree-of-freedom system. Further details on input
signal selection can be found in [23].

Figure 5 presents the induced and tectonic input signals at the bottom (i.e., attic
floor) and top (i.e., ridge beam) levels of the gable, along with the corresponding elastic
response spectra for a 5% viscous damping ratio.

Bottom/Ridge (Gable1-STIFF) Ridge (Gable2-SEMIFLEX)
1.5 T T T T 8

Ridge (Gable3-FLEX)

Acceleration [g]
N N

N

Acceleration [g]

Acceleration [g]
Acceleration [g]

Time [s] Period [s]

Fig. 5. Summary of acceleration time histories (left) and elastic response spectra (right).

4.3 Testing Protocols

The incremental dynamic test (IDT) for each gable specimen was conducted using
both input signals: first the induced (FM1), followed by the tectonic (FM2), with a
scaling factor (SF) linearly adjusted based on the bottom input signal. The parameters
presented in Table 2, Table 3, and Table 4 include PBA (peak base acceleration), PRA
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(peak ridge acceleration) and 4, (ridge beam displacement relative to the bottom shake
table). Each of these values is reported both as the nominal (i.e., target theoretical)
value corresponding to the input signals in Fig. 5 and as the experimentally recorded
value. Moreover, the maximum displacement of a control point on the gable, max(d ),
is included. The location of the control point varied with the progression of damage.
During the initial tests, before the collapse mechanism was activated, the control point
was set at the barycenter of the gable. In later tests, as collapse mechanisms developed,
it was relocated to the horizontal crack responsible for failure, which was specific to
each gable. When this point was not directly instrumented, its location was determined
through trigonometric calculations. Furthermore, all displacement calculations exclude
any rigid displacement of the loading frame.

For Gable1-STIFF (Table 2), the nominal 4, was zero. However, this condition could
not be replicated experimentally due to the difficulty in achieving perfectly simultaneous
movement of the bottom and top shake tables. To proceed with the IDT, the tectonic
record was scaled up to gable collapse to explore not only higher earthquake motion
intensities but also signals with different frequencies and longer durations. It should be
noted that for Gable3-FLEX, an additional shake-table test at 100% FM1 was conducted
after Test #9 (i.e., the 100% FM2 run) to evaluate its ability to withstand an induced
seismic motion after sustaining damage from tectonic motion.

Table 2. Testing sequence of Gable1-STIFF.

Test # SF Nom. Rec. Nom. Rec Nom. 4; |Recd; | max(d.sy)
PBA [g] | PBA [g] | PRA [g] | PRA [g] | [mm] [mm] [mm]
1 |FMI | 10% |0.04 0.05 0.04 0.13 0 1.7 0.2
T 20% |0.08 0.08 0.08 0.19 0 1.6 0.4
3 30% 013 012 013 026 |0 26 0.4
T 50% |0.21 0.19 0.21 0.39 0 4.6 0.5
? 75% |0.32 0.28 0.32 0.49 0 7.1 0.6
67 100% | 0.42 0.37 0.42 0.61 0 8.9 0.7
7 |FM2 |50% |0.27 0.29 0.27 0.44 0 7.2 0.7
87 75% |0.41 0.43 0.41 0.53 0 10.5 0.8
97 100% | 0.55 0.57 0.55 0.71 0 13.0 1.0
W 125% | 0.69 0.69 0.69 0.84 0 16.4 1.3
T 150% | 0.82 0.86 0.82 0.96 0 19.3 1.5
? 175% | 0.96 1.03 0.96 1.19 0 233 1.9
? 200% | 1.10 1.17 1.10 1.34 0 255 2.1
14 250% | 1.38 1.51 1.38 1.64 0 31.8 55
? 300% | 1.65 1.88 1.65 1.86 0 38.1 48.9
? 350% | 1.93 1.80 1.93 2.56 0 34.8 collapse
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Table 3. Testing sequence of Gable2-SEMIFLEX.

Test # SF Nom. Rec. Nom. Rec Nom. 4; |Recd; | max(dyq)
PBA [g] | PBA [g] | PRA [g] | PRA [g] | [mm] [mm] [mm]

1 |FMI | 10% |0.04 0.05 0.08 0.16 2.5 2.0 0.03
2| 20% 008 008 016 029 |51 44 0.1
3 30% | 0.13 0.12 0.23 0.36 7.6 6.7 0.2
4 50% |0.21 0.20 0.39 0.45 12.7 10.6 0.3
T 75% |0.32 0.28 0.58 0.62 19.0 15.3 0.5
67 100% |0.42 0.38 0.78 0.81 253 19.9 0.7

7 |FM2 |50% |0.27 0.28 043 0.62 21.3 16.6 0.5
' 75% |0.41 0.42 0.64 0.93 319 24.1 0.8
9 100% | 0.55 0.57 0.85 1.26 42.5 41.1 2.8
F 125% | 0.69 0.71 1.06 1.46 532 50.5 49
kTR 150% | 0.82 0.86 1.28 1.86 63.8 59.9 8.7
12 175% |0.96 1.00 1.49 2.15 74.4 71.2 29.9
13 200% | 1.10 1.04 1.70 3.31 85.1 88.5 88.6

Table 4. Testing sequence of Gable3-FLEX.
Test # SF Nom. Rec. Nom. Rec Nom. 4; |Recd; | max(dyy)
PBA [g] | PBA [g] | PRA [g] | PRA [g] | [mm] [mm] [mm]

1 |FMI1 | 10% |0.04 0.05 0.12 0.31 5.7 5.9 0.3
2 20% | 0.08 0.09 0.24 0.53 114 12.1 0.6
3 30% 0.13 0.13 0.36 0.55 17.0 16.0 0.8
4 50% |0.21 0.20 0.60 0.84 28.4 26.7 1.2
T 75% 0.32 0.28 0.90 1.10 42.6 39.8 23
6 100% |0.42 0.36 1.20 1.33 56.8 52.8 32

7 |FM2 |50% |0.27 0.28 0.65 0.79 41.1 404 2.4
8 75% | 0.41 043 0.97 1.28 61.6 57.0 3.8
97 100% | 0.55 0.57 1.30 1.91 82.2 85.9 30.2
10 125% |0.42 0.36 1.20 1.33 56.8 53.9 18.5
kT 150% | 0.69 0.70 1.62 2.34 102.7 107.5 334
12 175% |0.82 0.85 1.95 2.56 123.3 112.2 collapse
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S Incremental Dynamic Response

The main outcomes of the full-scale shake-table experiments are presented in Fig. 6
in terms of seismic capacity curves, for each gable specimen (Gablel-STIFF, Gable2-
SEMIFLEX, Gable3-FLEX). These curves depict the maximum displacement of the
control point (max(d.7)) versus the peak base acceleration (PBA), at each input scaling
level.

——e—— Induced-FM1 ———e—— Induced-FM1 ——e—— Induced-FM1
o Tectonic-FM2 ° Tectonic-FM2 ° Tectonic-FM2
2 = 2 2
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Fig. 6. Capacity curves for: (a) Gable1-STIFF, (b) Gable2-SEMIFLEX, and (c) Gable3-FLEX.

Gablel-STIFF (Fig. 6a) exhibited an initial elastic behavior from Test #1 through
Test #13, while a notable change in stiffness occurred in Test #14. Gable 2-SEMIFLEX
(Fig. 6b) remained seemingly elastic until Test #9, while collapse occurred at Test
#13, corresponding to a scale factor of 200%. Finally, Gable 3-FLEX displayed elastic
behavior until Test #8, but by Test #9, a shift in slope became apparent.

The influence of roof flexibility on the seismic response of URM gables is evi-
dent when comparing all three capacity curves. Gable3-FLEX demonstrated signif-
icantly lower seismic capacity and substantially greater flexibility, indicating higher
vulnerability compared to the other configurations.

6 Conclusions

This paper presented an extensive experimental investigation into the out-of-plane (OOP)
seismic behavior of unreinforced masonry (URM) gables through a full-scale shake-table
testing campaign. The research was conducted at the EUCENTRE 9D LAB (Pavia, Italy),
using an innovative dual shake-table configuration that simulated the interaction between
URM gables and different roof diaphragm configurations. The primary aim behind this
was to evaluate the seismic response of these structural elements and understand the
influence of varying roof stiffness levels on their failure mechanisms.

The results, in terms of incremental dynamic response, demonstrate that roof
diaphragm stiffness plays a key role in governing the seismic performance of URM
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gables. The experimental results indicate that Gable1-STIFF, representing a stiff roof
diaphragm, exhibited the highest resistance to OOP loading, minimizing differential dis-
placements. Gable2-SEMIFLEX, simulating a semi-flexible roof, showed intermediate
behavior, with lower resistance and earlier crack formation compared to the stiff configu-
ration. Gable3-FLEX, representing a flexible roof diaphragm, had the lowest acceleration
capacity, emphasizing the effects of reduced roof stiffness on gable wall stability. These
findings confirm that flexible roof diaphragms amplify OOP displacements and increase
masonry gable vulnerability.

This research advances seismic risk mitigation strategies for low-rise masonry struc-
tures. The insights gained provide a benchmark for improving code-based guidelines,
building design, and retrofitting strategies in earthquake-prone regions worldwide.
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