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Damage observations from recent seismic events have confirmed that the activation of out-of-plane local
mechanisms is one of the major causes of structural collapse in unreinforced masonry buildings.
Particularly vulnerable are cavity walls commonly used in residential building in regions such as
Central and Northern Europe, Australia, New Zealand, China and several other countries. Usually, the
inner leaf has a load-bearing function, carrying vertical loads transmitted by floors and roof while the
outer leaf, having only aesthetic and insulation functions, is lightly loaded. The two leaves are typically
connected by means of metallic ties. The high out-of-plane vulnerability, which may prevent the
exploitation of the global capacity associated with the in-plane capacity of the structural walls, is mainly
due to the high slenderness of the masonry leaves and the lack, or ineffectiveness, of ties between leaves.
Often ties are too widely spaced and/or heavily degraded. Despite the complexity of the composite beha-
viour of such a construction typology, no dynamic tests on cavity walls are reported in current literature.
For this reason, four out-of-plane shaking table tests were conducted on full-scale unreinforced masonry
assemblies of three cavity wall panels with different tie distributions (inner calcium silicate brick wall
and outer clay brick wall) and one single-leaf wall constructed using calcium silicate brick masonry.
The experimental arrangement allowed the specimens to be tested under different input signals and
loading conditions, inducing an out-of-plane one-way bending action in the walls. The research is aimed
at understanding the seismic behaviour of cavity walls, their failure mechanisms and how they are
affected by boundary conditions and degree of connection between the two leaves. The paper describes
the main experimental results, including deformed shapes, damage patterns, force-displacement rela-
tionships, and the capacities in term of acceleration sustained by the specimens. Additionally, the energy
dissipation involved in the mechanism has been investigated in terms of coefficient of restitution and
damping ratio. All the processed data are freely available upon request (see http://www.eucentre.
it/nam-project).

� 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Over the last decades, observations of damage caused by major
earthquake events have shown that the structural collapse in unre-
inforced masonry (URM) buildings is very often associated with the
activation of out-of-plane overturning mechanisms, rather than
the attainment of maximum stress in structural elements: such
overturning mechanisms are activated by the loss of equilibrium
in masonry portions due to out-of-plane (OOP) actions. This beha-
viour is often associated with the lack of good connections to adja-
cent perpendicular walls and floors (e.g. [1–3]). Cavity wall
buildings are particularly vulnerable to out-of-plane actions due
to the walls being both slender and lightly loaded, which prevents
the development of their full in-plane strength capacity. Cavity
construction is a form of wall construction where a cavity is left
between the two leaves of bricks. Sometimes insulating material
is inserted in the cavity. The external leaf of a cavity wall is often
a brick veneer wall without any load bearing function, whereas
the internal leaf is a load-bearing wall, carrying the vertical loads
transmitted by the floors and roof. It is common for the inner leaf
to be constructed with different materials than the outer leaf. In
several European countries an example of this solution is to have
the inner wall made of calcium silicate bricks/blocks, whereas
the outer wall uses clay bricks. Leaves on either side of a cavity
wall are typically connected by regularly spaced metal cavity ties,
which can vary in material, shape and spacing. Because of their rel-
atively light weight, good thermal insulation properties and effec-
tive protection against driving rain, cavity walls are widely used in
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Central and Northern Europe countries, especially for residential
constructions.

Experience on the seismic behaviour of cavity walls is quite lim-
ited, and mostly related to earthquakes which have occurred in
Australia (Newcastle, 1989) and New Zealand (Christchurch
sequence, 2010–2011). Dizhur and Ingham [4] noted three primary
types of out-of-plane wall failures in cavity wall buildings follow-
ing the Christchurch earthquakes: (i) vertical (or one-way) bending
of the wall (7% of the cases), which tended to occur in longer walls
or walls without side supports; (ii) two-way bending (57% of the
cases), which required support of at least one vertical edge of a
wall and (iii) top portion cantilever type failure with the entire
top section of a wall or building façade collapsing, mainly due to
a lack of top horizontal restraint.

The OOP failures may affect the entire wall (both leaves), espe-
cially in front façades or upper storey walls of many two-storey
buildings, or otherwise may affect the external leaf only. This high
vulnerability is mostly due to the slenderness of the masonry
leaves and the lack or inefficiency of anchoring systems between
leaves. The leaf connections (ties) are often too widely spaced
and embedded in weak mortar, which results in the pull-out of
the anchoring systems. Corrosion of ties has also been repeatedly
reported as strongly affecting their effectiveness [2–5]. In addition,
another primary cause of failure observed in cavity wall buildings
is the lack of appropriate wall-to-diaphragm and wall-to-floor con-
nections. The seismic OOP assessment of solid walls with top sup-
port has been already the subject of significant experimental
investigations (among others [6–11]) and the theoretical mod-
elling of such response was also carried out resorting to rigid-
body idealizations. Very little experimental research, instead, has
been carried on the seismic behaviour of cavity walls. In particular,
no dynamic tests on cavity walls are presently available in the
literature.

This paper presents experimental results which were obtained
as a part of a wider research project aimed at assessing the vulner-
ability of URM buildings in the Groningen (the Netherlands) region,
which in the last two decades has been exposed to induced seis-
micity [12]. Currently, very limited data are available on the seis-
mic response of construction typologies specific to Dutch
practice. The project, started in 2014, aims at investigating the per-
formance of structural components, assemblies and systems typi-
cal of building typologies present in the Groningen area. The
experimental campaign includes in situ mechanical characteriza-
tion tests and laboratory tests such as characterization tests on
bricks, mortar and small masonry assemblies, in-plane cyclic
shear-compression and dynamic out-of-plane tests on full-scale
(b)(a)

Fig. 1. One-way bending failure (a), two-way failure (b), top portio
masonry piers. Shaking table tests on full-scale masonry house
specimens have also been performed at the laboratory of EUCEN-
TRE Pavia. The experimental campaign aims to be a solid reference
for the development of reliable numerical models to be used in fra-
gility curves development and in the assessment of the seismic
risk.

This paper describes out-of-plane shaking table tests on full-
scale masonry assemblies. Three specimens represented different
cavity wall configurations with different tie distributions, and
one was a single-leaf wall specimen. The test set-up was con-
structed in order to induce OOP one-way bending behaviour in
the specimens. The effect of vertical edge boundary conditions,
reported also in earthquake damage observations (e.g. two way
bending, see Fig. 1b), was deliberately not considered, as a first
approach to the problem, and the horizontal double-fixed bound-
ary conditions were designed in order to be always known in
every testing phase. This allowed for a reduction of the unknowns
and a simplification of the problem to the advantage of the subse-
quent interpretation and possible use of the data for model
calibration.

Section 2 of the paper provides information on the specimen
geometry and their material characterization. Section 3 provides
a detailed description of the test-setup and the observed testing
programme. The test results including deformed shapes, failure
mechanisms, damage patterns, energy dissipation and other speci-
fic features of the observed dynamic behaviour are presented in
Section 4. Part of such information is also reported in Tomassetti
et al. [13].
2. Characterization of the masonry specimens

2.1. Specimen construction and geometric characterization

Under controlled laboratory conditions, professional masons
built the specimens in accordance with Dutch practices common
in the years 1970–1980. The specimens were composed of one sin-
gle leaf wall made of Calcium Silicate (CS) bricks and three cavity
wall panels with an inner CS brick wall (density 1835 kg/m3) and
an outer clay brick wall (density 1950 kg/m3), with an 80 mm air
gap. The two masonry leaves were approximately 2750 mm high,
h, 1450 mm wide, w, and 102 mm thick, t. The sizes of the bricks
were respectively 212 � 102 � 71 for the CS bricks and
211 � 100 � 50 for the clay bricks. The mortar bed-joints were
nominally 10 mm thick in both walls. The specimens differed in
terms of the applied vertical overburden pressure, rv (0.1 and
(c) (d)

n cantilever wall failure (c, d) (adapted from Dizhur et al. [2]).
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Fig. 2. Specimens geometry and construction details.

Table 1
Characteristics of test specimens.

a Same specimen for both configurations.
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0.3 MPa), and number of ties, which were chosen according to code
prescriptions and common masonry practices (2 and 4 ties/m2, see
Fig. 2). These levels of imposed overburden pressure could be con-
sidered representative of a loadbearing wall located at the second
and first storeys respectively, of a classical two storeys residential
building. They are not meant to represent upper or lower bounds,
but rather common values that can be often found in real build-
ings. L shape steel ties with a diameter of 3.1 mm and 200 mm long
were inserted in the mortar bed-joints during the laying of the
bricks to connect the two masonry leaves (see detail in Fig. 2).
Tests on pull-out strength of this specific coupling system were
performed by Messali et al. [14] at TU Delft. Those researchers
found that the pull-in and pull-out strengths of the ‘‘zigzag” tie
extremity embedded in clay masonry specimens, considering an
overburden pressure of 0.3 MPa, resulted higher than the strengths
associated with the hook extremity embedded in CS specimens and
subjected to the same imposed pressure. The average pull-out and
push-in strengths recorded for CS specimens were approximately
1.46 kN and �1.09 kN, respectively. Moreover, the tensile ultimate
capacity of the steel anchors was approximately 4.3 kN. Table 1
identifies the specimens, their geometry, tie configuration and
the applied overburden pressure.

Even if the scope of the present tests was envisaging idealized
boundary conditions, the specimens could be somehow represen-
tative of a single storey vertically spanning cavity wall between
two RC slabs and separating two tall windows; the floor system,
usually, lies only on the inner CS wall, while the outer wall is con-
tinuous over the full height of the building. Moreover, often there
is no physical connection at the diaphragm level between the floor
system and the outer clay wall. A full-scale house specimen with
these specific construction details has been tested on the shake
table at the EUCENTRE laboratory in Pavia, and will be the subject
of a future publication.

2.2. Mechanical characterization of the materials

A detailed overview of the experimental test campaign on
material samples and masonry wallettes performed at the
laboratory of the Department of Civil Engineering and Architecture
of the University of Pavia is provided in Graziotti et al. [15].
Table 2 summarises experimental mean values, standard devia-
tions (St.Dev.) and coefficients of variation (C.o.V.) for the investi-
gated mechanical parameters, namely compressive strength (fm),
Young’s Modulus in compression (E) and the flexural tensile
strength (fw) of masonry perpendicular to bedjoints. The first two
parameters were determined on masonry specimens according to
EN 1052-1 [16], while the last one by means of the bond wrench
tests as per EN 1052-5 [17]. Moreover, the mortar’s compressive
(fc) and flexural strength (ft) values were determined according
to EN 1015-11 [18] and shown in Table 2 (shaded cells).

It can be appreciated how the CS masonry is characterized by a
lower compression strength but a higher tensile (bond) strength
compared to the clay brick masonry. In general, the mechanical
characteristics of clay masonry resulted to have a dispersion higher
than the one of CS masonry. This may be possibly related to the
higher scatter in the properties of the components used for the clay



Table 2
Results of characterization tests on mortar and masonry specimens.
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brick masonry and to the lower bond developed between mortar
and clay bricks.

3. Test set-up and dynamic loading sequence

3.1. Test set-up

The test set-up was installed on a uni-directional shake table
and oriented to excite the specimens in OOP one-way bending.
Fig. 3 shows some pictures of the test setup. Frame A, designed
to be rigid, ensured that the dynamic input motion was transferred
from the table to the top of the wall with negligible amplification.
The specimens were anchored through the foundation to the shake
table by means of steel bolts. The CS wall (representing the load-
bearing wall in a real structure) was vertically loaded to the
desired initial axial stress value through a steel beam pulled down
by means of two steel rods in series with two springs (as shown in
Fig. 3d). The connection between frame A and the beam on top of
the specimen consisted of a pair of steel braces with mechanical
hinges at one end (Fig. 3c).

The braces were rigidly connected to the specimen top beam by
means of steel plates in order to avoid any relative rotation. The
hinge system allowed for the uplift of the wall whilst simultane-
ously transferring the horizontal dynamic input of the shake table
to the top of the specimen. The resulting static configuration of the
inner wall was that of double fixed boundary conditions. The
restraint at the top of the inner wall was provided by a set of L-
shaped steel profiles and mortar was used to fill the gap to the
top row of bricks (see Fig. 3c). The bottom section of the wall spec-
imen lay on a mortar bed-joint resting on the specimen foundation,
as in usual practice. A spring system was used to provide the axial
force (see Fig. 3d) on the CS wall and ensure that the increase in
axial force at collapse (when the wall height is maximum), com-
puted considering a rigid body failure mechanism, was less than
5% higher than the initial static force. The designed spring stiffness,
experimentally tested, was 164.7 N/mm for those used to provide
0.3 MPa of axial stress and 53.5 N/mm for those providing
Frame A

(a) (b)

Fig. 3. Specimens geometry and details: general view (a,
0.1 MPa stress. This solution guaranteed a double fixed condition
with almost constant overburden axial stress in the inner CS wall
during all the testing phases. This condition was not necessarily
representative of a wall in a real building subjected to ground
motions. In that case, the axial force was likely changing during
the motion due to a general redistribution of axial forces in the
building as well as to the partial restrained uplift of the wall
induced by the floor. The aim of the test was to support the calibra-
tion of numerical models, for this reason the boundary conditions
were designed to be always known and idealized. The outer clay
brick leaf did not have any restraint or load applied at the top,
being supported on the foundation and connected to the CS leaf
by the metal ties.

A safety system was designed in order to prevent the complete
out-of-plane collapse of the specimens and potential damage of
equipment and instrumentation. This system consisted of two
adjustable steel frames supporting transparent polycarbonate pan-
els, which were modified to allow the installation of wire displace-
ment transducers to the wall specimens. The safety system was
able to accommodate a maximum displacement at mid-height of
about 100 mm.

3.2. Instrumentation and data acquisition

Fig. 4 provides a side view of the test setup, which also shows
the reference system (positive towards the clay walls side) and
the position of instruments that were used for the shake table test-
ing. Accelerometers were installed in order to record the applied
acceleration histories at the specimen foundation, on the top beam
and on the right and left frames. Additional accelerometers were
installed on the wall panels in order to monitor their mid-height
response. Wire potentiometers (WP), attached to the two side
frames A and B (both considered rigid), were installed up the
height of the specimens (on the vertical axis of symmetry) in order
to record the horizontal displacement of the walls relative to the
shake table. Vertical displacement transducers were also installed
on the spring system to monitor the spring shortening and in turn
Frame B

(d)

(c)

b), top boundary condition (c) and spring system (d).



Fig. 4. Side view of the test set-up and instrumentation.
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the applied overburden force during all the testing phases. Addi-
tional vertical transducers were installed on the 2nd and 33th brick
layers of the inner wall in order to detect significant rotations with
respect to the 1st and 34th brick layers, respectively (the number
of layers is indicated in Fig. 2).

Table 3 indicates the position in height of the instruments with
respect to the top of the concrete foundation.
3.3. Dynamic input motion

Three acceleration time histories were employed in these
dynamic tests. Gr-1 was supplied by the seismic hazard and risk
assessment team involved in the project [12] as representative of
an expected ground motion in the region of Groningen. The Gr-2
input was instead a first floor accelerogram obtained by means
of the TREMURI program [19] using a model of a typical Dutch ter-
raced house subjected to the aforementioned Gr-1 record along its
Table 3
Vertical position of the instruments installed on the specimens.

Instrument SIN-03-00
SIN-01-00
[mm]

CAV-01-02
[mm]

CAV-03-02
[mm]

CAV-01-04
[mm]

1/4 WP CS 612 612 695 693
1/2 WP CS 1340 1341 1503 1503
3/4 WP CS 1900 1900 2151 2151
1/4 WP Cl – 695 610 610
1/2 WP Cl – 1475 1355 1342
3/4 WP Cl – 2135 1955 1990
4/4 WP Cl – – 2650 2650
1/2 Acc. CS 1260 1341 1341 1503
1/2 Acc. Cl – 1295 1355 1355
flexible direction. A further input signal is represented by the 2 Hz
Ricker Wave Acceleration input (RWA), which consists of a partic-
ular acceleration pulse (also known as Mexican hat wavelet). As a
reference, Figs. 5 and 6 show the 100% theoretical acceleration
time-histories of the experimental inputs and their response spec-
tra, respectively.
3.4. Testing programme

Initially, the specimens were subjected to low amplitude ran-
dom excitations in order to identify their undamaged dynamic
properties. The second testing phase consisted of an incremental
dynamic testing procedure with the Gr-1 accelerograms, which
could be considered a realistic excitation for a wall located at the
ground floor of a building. Therefore, a series of Gr-1 acceleration
table motions scaled to increasing amplitude were performed. A
second incremental dynamic testing sequence was performed with
the Gr-2 accelerograms, representing a possible dynamic excita-
tion for a wall located at the building first floor, up until collapse
of the specimen. A pulse excitation phase (adopting the RWA
input) has been run between Gr-1 and Gr-2 in order to obtain sam-
ples of simplified wall response. These are ideal for the calibration
of numerical models and studying the damping. Repetitions of
tests with inverted directions (polarity) were performed in order
to understand if, and how, the excitation direction affects the spec-
imens’ responses. The specimen/experiment listed as SIN_03_00 in
Table 1 is the wall previously tested as SIN_01_00, where the test
set-up was modified by substituting the springs in order to
increase the axial stress acting on the inner leaf from 0.1 to
0.3 MPa. Tables 4 and 5 present the applied dynamic testing
sequence, corresponding to the single-leaf and the cavity speci-



Table 4
Single-leaf specimen testing sequence.

Fig. 5. Gr-1, Gr-2 (a) and RWA (b) acceleration time histories.

Fig. 6. Comparison of acceleration (a) and displacement (b) response spectra (5% damping) for the adopted input signals.
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mens respectively, and specifying the test number, the dynamic
input typology, the peak acceleration, PGA, recorded on the speci-
men foundation during the test and the peak horizontal mid-
height CS wall displacement response recorded by correspondent
wire potentiometer. The overall chronological testing sequences
are provided in Tables 4 and 5, in order to better understand the
state of degradation of the specimens at the beginning of each con-
sidered test. The tests best suited for the estimation of the energy
dissipation (Section 4.6) are large amplitude RWA pulses (high-
lighted in bold characters). The shaded sections of the table iden-
tify different testing phases.
4. Test results

The test set-up proved to be effective in allowing the specimens
to be tested with the desired boundary conditions and inducing a
pure OOP one-way bending action in the walls. Fig. 7a shows the
comparison between the top and bottom response spectra com-
puted from the recorded shake table acceleration histories and



Fig. 7. Spectral accelerations comparison (a) and spectral acceleration ratio (b) between specimen top and bottom locations for the specimen SIN-03-00 (test 1.9).

Table 5
Cavity wall specimen testing sequence.
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the theoretical, or target, response spectra for a relevant Gr-1 test
(e.g. SIN-03-00, test 1.9, input scaled to 400%). It is possible to
observe some discrepancy between the target and the recorded
acceleration spectrum due to the dynamic interaction between
the test setup and the shaking table. The consequent distortion
in the recorded response spectra is higher for tests with larger
PGAs (as the one presented in Fig. 7a) and considerably smaller
for test of lower intensity. A slightly undershoot of low period
spectral accelerations is detectable while a more consistent over-
shoot (amplification) is seen for the higher periods. Fig. 7b shows
the top and bottom acceleration spectrum ratio considering just
the frequency range relevant for the dynamic behaviour of the
specimens. A slight amplification (not exceeding 15%) is detectable
corresponding to the steel frame fundamental frequency of vibra-
tion (�15 Hz). Notice that all the accelerations (nominal and
recorded) during each testing phases are stored and available for
processing.
4.1. Dynamic identification

As already mentioned, all specimens were excited by means of a
random signal (0.05g PGA), in order to detect the fundamental fre-
quency of vibration of the undamaged wall. Analysing the mid-
height acceleration response of both walls, significant amplifica-
tions corresponding to the natural frequency of vibration of the
wall were detected. Table 6 lists the natural frequencies of vibra-
tion for each specimen obtained from the random test.

4.2. Deformed shapes

The deformed shapes have been obtained from the horizontal
displacement recorded by the wire potentiometers at the time of
maximum displacement of the CS wall at mid-height. As expected,
deformed shapes change significantly according to the ground
motion intensity level and specimen damage. Fig. 8a shows the



Table 6
Specimen dynamic identification.

Specimen CS wall Clay wall

Frequency [Hz] Period [s] Frequency [Hz] Period [s]

SIN_03_00 18.75 0.053 – –
SIN_01_00 14.27 0.070 – –
CAV_01_02 17.23 0.058 20.08 0.049
CAV_03_02 25.00 0.040 20.68 0.048
CAV_01_04 19.24 0.052 19.13 0.052
CAV_01_04a 13.08 0.076 7.11 0.141

a Performed after test 4.2.
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specimens’ deformed shapes from the Gr1 tests (intensity 100%
PGA 0.247g) where the peak acceleration direction is towards the
clay wall side (positive direction).

The deformed shape of the single-leaf wall is approximately
similar to that of a double fixed beam, with the response peaks
located at 1/2 of the wall height for both the SIN-03-00 and SIN-
01-00 configurations.

In cavity wall specimens, the CS wall deformed shapes were
qualitatively similar to those recorded for the single-leaf walls.
The clay wall, instead, due to the different stiffness and top bound-
ary conditions, tended to displace differently exhibiting almost a
cantilever deformed shape. Because of this, the relative horizontal
displacement between the two walls is higher at the top, as shown
by the CAV_01_02 and CAV_03_02 specimens. A progressive dete-
rioration of the bond of the tie anchoring system, which resulted in
the recording of a few millimetres of differential displacement
between the two leaves, has been detected in these testing phases,
even for low intensity levels of shaking. Such a phenomenon is less
evident for the CAV_01_04 specimen where the density of ties is
higher and consequently the relative displacement of the walls
resulted to be lower.

Fig. 8b shows the deformed shapes associated with all the spec-
imens for different RWA input tests where the peak acceleration
direction is towards the CS wall side (negative direction). As the
acceleration input and the horizontal displacement increase, the
deformed shapes change significantly. The specimens exhibited
rocking behaviour with the formation of cracks at bottom, top
and around mid-height sections. For cavity specimens, the differ-
ential displacement between the two leaves became progressively
negligible with respect to the amplitude of the two walls
mid-height displacement.
Fig. 8. Deformed shapes for Gr1 (a) and RWA (b)
No top cracks in cavity specimens were detected in the clay
wall, which was unrestrained at the top. The two quasi-rigid bodies
above and below the mid-height crack sections rotated around the
cracked sections, using them as pivot points and displacing simul-
taneously. It is possible to notice differences in the response of the
panels: the CAV_03_02 specimen shows a considerably lower mid-
height displacement when subjected to inputs with similar PGAs
while the CAV_01_02 wall exhibited a peak mid-height response
in the opposite direction of the acceleration pulse.
4.3. Damage pattern and failure mechanisms

All the specimens exhibited rocking behaviour with the forma-
tion of horizontal cracks at the bottom, top and around mid-height
sections of the walls. For cavity wall specimens, cracks at the wall
top were detected only on the CS walls, with the tops of the clay
walls being unrestrained. Fig. 9 identifies the location of cracks
for the single-leaf specimen and for cavity wall specimens in both
the CS walls and clay walls (in terms of layer number). The tie grid
is also shown to better understand the position of the cracks with
respect to the anchoring system between the two walls.

The single-leaf specimen, which exhibited rocking only when
subjected to 0.1 MPa of vertical overburden pressure (SIN-01-00),
showed a mid-height crack at 0.575�h (between the 19th and the
20th brick layer), where h is the nominal wall height, taken as
the total panel height minus the height of one brick (due to the last
brick layer being clamped by the steel L-shape profiles). The
observed mechanism agrees well with the formulation proposed
in literature for the estimation of the intermediate hinge height
considering the wall tensile strength [20], which yielded a value
0.557�h according to the following equation:

h1

h
¼ 1þ gþ t � ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffið2þ t þ 2gÞðt þ gÞp

2þ g
¼ 0:557 ð1Þ

where g ¼ O=W is the ratio between vertical overburden force and
the wall self-weight and t ¼ f w=ðW=ðt �wÞÞ is the non-dimensional
masonry tensile strength. The parameter t significantly influences
the position of the mid-height hinge: the higher the tensile
strength, the lower its position. Moreover, it is important to under-
line that Eq. (1) has been proposed for the case when the vertical
overburden force is applied at the wall mid-thickness; however,
during the experimental test there is a migration of the resultant
input: CS wall black line, clay wall grey line.
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Fig. 9. Specimens crack pattern (top CS wall, bottom clay wall) (a) and pictures of damage detected on the CS wall for the CAV-01-02 (b), CAV-03-02 (c) and CAV-01-04 (d).
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overburden force (O) towards the thickness edge (hinge location)
during the rocking behaviour (see Fig. 10).

For cavity wall specimens, instead, it can be observed that for
the two specimens with a tie density of 2 ties/m2 (CAV_01_02
and CAV_03_02) the horizontal mid-height cracks are at a height
of approximately 0.6h, which is the height of the tie connection
between the two walls. The CAV_01_04 specimen/test (which
had 4 ties/m2) showed instead mid-height cracks at exactly 0.5h.
Further cracks (not reported in the figure) developed only after
the impact with the safety system and they cannot be considered
part of the failure mechanism. Damage at the mortar bed-joints
in the CS walls was detected at some of the locations correspond-
ing to the position of the ties (see Fig. 9b–d). This was caused by
the relative positioning of the ties along the thickness of the leaf
(the hook was always closer to the outer face of the CS leaf); the
Fig. 10. Rigid body (RB) mechanisms: static and dynamic condi
pull-out capacity in the positive direction (e.g. clay wall pulling
the CS wall) was higher than in negative direction (e.g. clay wall
pushing the CS wall) as found by [14].

The observed behaviour, as largely suggested in literature
[8,20,21], can be described by the dynamic response of an assem-
bly of rigid bodies. Fig. 10, shows a rigid body schematic represen-
tation of the experimental test performed for the single-leaf wall
and for the cavity specimens. The upper portion is represented
by the last brick layer clamped by the L steel profiles and free to
move vertically due to the mechanical hinge on the left arms
extremity (see Fig. 3c).

Looking at Fig. 10, it may be observed that, with the incoming
uplift of the wall, the overburden resultant axial force migrates
towards the thickness edge of the CS wall (passing through the
pivot point C). The wall, indeed, displacing horizontally switches
tions for single-leaf (a, b) and cavity wall (c, d) specimens.



(a) (b) (c) (d)

Fig. 11. Snapshots of the specimen failures: SIN-01-00 (a), CAV-01-02 (b), CAV-01-04 (c) and CAV-03-02 (d).
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from an ideal RB mechanism with the axial force applied at the
mid-thickness (RB0) to a RB mechanism where the force is applied
at the thickness edge (RBD). The horizontal weight multiplier that
triggers those mechanisms and the associated instability displace-
ments (when the wall resisting force drops to zero) is slightly dif-
ferent. Moreover, for a better understanding of the dynamic
behaviour and the failure mechanisms involved, Fig. 11 presents
frames of the video at the moment of the specimens collapses. In
particular, it is possible to appreciate the deformed shapes during
the test and in the instants before the impact against the restrain-
ing system. All the cavity specimens collapsed under the Gr-2
earthquake towards the CS wall. It is believed that this fact, which
is different from what observed in many real earthquakes (where
often the outer leaf collapses outwards and the inner leaf remains
standing) is probably the result of a combination of the following
factors: (a) the input acceleration, characterized by short duration
and non-symmetric pulses (a ‘‘directional effect” in the input), and
(b) the mechanical and geometrical characteristics of the ties,
whose anchor strength is lower in the push direction and which
also may easily buckle in compression. Especially this latter factor
(b) leads the outer leaf to sway more easily towards the stiffer
inner leaf, since the ties oppose a lower reaction when failing in
compression, while it is more effectively restrained by the ties
and the inner leaf when trying to sway away from it, in the out-
ward direction. CAV-01-02 (Fig. 11b) and CAV-01-04 (Fig. 11c)
specimens exhibited rocking behaviour in several tests before the
failure whereas the CAV-03-02 (Fig. 11d) exhibited a rocking beha-
viour only right before collapsing.

All the cavity specimens collapsed in horizontally-coupled one-
way rocking behaviour and exhibited damage due to failure in
compression of the anchoring of the steel ties into the mortar
bed-joints of the CS walls. Although the ties had negligible flexural
stiffness, their axial stiffness ensured a sufficient coupling of the
horizontal displacement of the two leaves (i.e. limiting the differ-
ential displacement and maintaining the gap) up to near-
collapse, even for the specimens with only 2 ties/m2, producing a
one-way rocking failure mechanism in the cavity components. This
is extremely important as it allows for the analysis of the OOP seis-
mic behaviour of these cavity walls with simplified single-degree
of freedom (SDOF) models, as proposed by several studies for solid
walls [8,20,21]. This simplification may not necessarily be general-
ized to cavity walls with geometry and boundary conditions which
are very different from those tested here. The present tests show
that, for this specific cavity wall configuration (e.g. material
strengths, geometry, ties positioning, un-degraded materials, input
motions) the weak direction seems to be the inward one due to the
failure in compression of the ties. This behaviour may not be nec-
essarily representative of the behaviour of the entire building
stock, if different ties or masonry leaves are present.

4.4. Specimen F-D relationships

For the dynamic simulation of the OOP response of walls, the
definition of a reliable capacity curve F-D (where F is the total hor-
izontal force while D defines the horizontal displacement of the
mid-height hinge) is crucial. For single-leaf vertical spanning strip
wall (VSSW), this relationship was successfully modelled by a tri-
linear curve by several researcher that provided mean parameters
necessary to build such configuration [8,22–24]. Ferreira et al. [25]
proposed instead, a four branch model. This section presents the
experimental F-D curves for the single-leaf specimen and for the
cavity specimens. Another experimental research project aimed
at understanding the static F-D relationship of cavity walls with
New Zealand detailing has been carried out by Walsh et al. [26].
Within the presented experimental campaign, TU Delft performed
OOP static tests on components with typical Dutch detailing (as the
one herein presented). Fig. 12 shows the comparison between the
experimental dynamic F-D curve and the RB bi-linear curves asso-
ciated with static mechanisms RB0 and RBD (see Fig. 10).

The experimental force has been obtained by multiplying the
absolute acceleration of the centre of mass of the two bodies by
the related masses while the displacement is the one relative to
the mid-height hinge location. The two centre of mass accelera-
tions were computed using the acceleration recorded by the mid-
height accelerometer and assuming a triangular distribution of
the relative acceleration along the wall height, with the maximum



Fig. 12. Single-leaf specimen F-D relationships: SIN-03-00 (a) and SIN-01-00 (b).

Table 7
Rigid-body force-displacement bi-linear parameters.

Mechanism RB0 Mechanism RBD

FRB FRB0 ¼ 2
h1
ðW þ OÞt þ 1

h�h1
Ot FRBD ¼ 2

h1
ðW þ OÞt þ 2

h�h1
Ot

Di;RB

Di;RB0 ¼
WþO
h1

þ O
2ðh�h1 Þ

h i
WþO
h1

þ O
ðh�h1 Þ

h i t
Di;RBD ¼ t
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value at the mid-height hinge location (e.g. considering the two
bodies as rigid). The RB bilinear static relationships have been built
according to the two idealisations considering the corresponding
instability displacements. Table 7 summarises the parameters nec-
essary to build the bi-linear relationships (e.g. the static capacity
curve) for the rigid body mechanisms shown in Fig. 10.

Fig. 13 shows the comparison between the experimental F-D
curve and the RB bi-linear curves for the two mechanisms shown
in Fig. 10 (right) for the cavity wall specimens. The RB force has
been computed by the raw sum of the RB forces associated with
the two independent mechanisms for the two walls (CS and Clay
walls). The vertical grey lines (dotted) represent maximum hori-
zontal displacements allowed by the safety system in different
phases of the test. For the RBDmechanism the only maximum force
is plotted. Regarding the experimental F-D curve, the displacement
at mid-height of the CS wall is shown.

The energy dissipation, in good part associated with the area
enclosed by the hysteresis loops, is significantly higher than the
single-leaf specimen cases. It is also interesting to notice that the
specimen force capacity is not far from the simple sum of the
forces associated to the RB mechanisms of the two walls consid-
ered independently. The capacity shown by CAV-01-02 and CAV-
01-04 is comparable even if the latter was able to resist more sig-
nificant runs of excitation.
4.5. Specimens’ acceleration capacity

This section presents the results of the experimental incremen-
tal tests (Gr-1 and Gr-2 inputs) in terms of mid-height horizontal
displacement recorded by the wire potentiometer on the CS walls
and PGAs (see Fig. 14). The experimental work confirmed that the
single-leaf wall capacity and the cavity wall capacity as well is
strongly influenced by the overburden pressure acting. It can be
observed also that in general the presence of an unloaded veneer
clay wall reduce the specimens’ capacity, resulting as an additional
mass on the system with a very little contribution to the speci-
men’s resistance. All the tested cavity wall specimens, in fact,
exhibited lower capacities compared to the single-leaf specimen
loaded at the same initial vertical force value (collapsed under
Gr2-input with a PGA of 0.85g).

The CAV-03-02 specimen (rv = 0.3 MPa) collapsed when sub-
jected to an acceleration time history with a PGA of 1.11g, 65%
higher than the maximum applied to CAV-01-02 specimen
(rv = 0.1 MPa).

The number of ties connecting the two walls does appear to
influence the cavity wall response, with the CAV-01-04 (4 ties/
m2) specimen exhibiting an almost 10% higher capacity than the
CAV-01-02 specimen (2 ties/m2). This was associated with a gen-
eral capacity to resist a larger number of excitations. The CAV-
01-04 specimen resisted a maximum PGA of 0.73g; after this test
the specimen was subjected to a further series of RWA inputs col-
lapsing only 6 runs later under a lower peak acceleration (0.62g Gr-
2 input). As already reported, it is interesting to note that all the
specimens collapsed in the negative direction.

4.6. Energy dissipation

Another crucial parameter for the simulation of the OOP
dynamic behaviour of rocking systems and for the development
of reliable SDOF systems is the energy dissipation involved in such
a behaviour. The rocking behaviour herein described has been
extensively investigated in the past. Housner [27], under the crite-
ria of no sliding, no bouncing effect and energy dissipation concen-
trated at the instant of the impact, defined a SDOF equation of
motion for the simulation of the dynamic response of rigid blocks.
Sorrentino et al. [20], under similar criteria and assuming both
supports moving simultaneously, derived a SDOF equation of
motion for vertical spanning strip walls (VSSW) (as the one herein
tested, e.g. SIN-03-00 and SIN-01-00) displacing as an assembly of
two rigid bodies. DeJong and Dimitrakopoulos [21] and Restrepo
[28] extended the solution to include equivalent SDOF systems
governing the dynamic behaviour of complex multi-block systems
responding in rocking. All of the aforementioned studies described
the rocking phenomena as function of the equivalent rotation of
the system and simulated the energy dissipation involved in the
mechanism by means of the coefficient of restitution.

4.6.1. The classical rocking theory
Housner [28] introduced a measure of the energy dissipation as

the reduction of kinetic energy between the instants before and



Fig. 14. Experimental PGA vs peak horizontal mid-height displacement.

Fig. 13. Cavity wall specimen F-D relationships: CAV-01-02 (a), CAV-01-04 (b) and CAV-03-02 (c).

466 F. Graziotti et al. / Engineering Structures 125 (2016) 455–470
after the impact. Aslam et al. [29] defined the restitution coefficient
as the direct ratio between angular velocities after and before the
impact. Assuming an infinitesimal impact duration and hence
instant velocity variation, in analogy with Housner’s formulation
for the single rigid block, it is possible to derive for a VSSW system
a theoretical coefficient of restitution as a ratio ean between the
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angular velocities after ( _hnþ1) and before ( _hn) the impact. This coef-
ficient is derived assuming the conservation of angular momentum
around the lower rotation hinge by equating the angular momen-
tum after and before the impact. Eq. (2) [20] provides an estima-
tion of the velocity reduction for a VSSW knowing the geometric
parameters of the wall.

ean ¼
_hnþ1

_hn

¼
m1R

2
1þ IG;1� IG;2

tana2
tana1

�2m1R
2
1 sin

2a1þm2R
2
1 2þ sina1 cosa1

tana2
�sin2a1ð4þ tana2

tana1
Þ

h i
m1R

2
1þ IG;1� IG;2

tana2
tana1

þm2R
2
1 2þsina1 cosa1

1
tana2

þ tana2

� �h i
ð2Þ

where IG;1 and IG;2 are the polar moment of inertia around the two
blocks centre of mass, while m1 and m2 are the two block masses
and all the other parameters are defined according to Fig. 10.
The coefficient of restitution, depends on the a1 parameter: the
squatter the wall (higher a1 or lower slenderness), the higher is
the energy dissipation (lower ean) in analogy with the single block
case. Moreover, Sorrentino et al. [20] showed also that ean is much
more sensitive to a1 than to a2 (Fig. 10a) and that the migration
of the mid-height hinge towards the mid-height of the wall
increases the energy dissipation.

4.6.2. Experimental computation of the coefficient of restitution
The theoretical values of the coefficients of restitution have

been compared to those observed analysing the response of the
specimens subjected to RWA impulses. The responses of the spec-
imens are characterized by a significant damped free vibration
phase, which provided precious information on the damping acting
on the specimens. An experimental coefficient of restitution,
according to the Aslam et al. [29] formulation and taking in
account the assumption presented above, can be computed from
angular velocity histories by manipulating and deriving the
recorded mid-height displacement histories. The identification of
the position of the pivot point and the subsequent kinematic trans-
formation of the recorded displacement histories into rotation his-
tories is extremely important in the analysis of the rocking
mechanism. In reality, the two bodies do in fact have finite stiffness
and the mortar bed-joint represents a flexible interface [30,31];
this leads to an inwards shift of the hinge with respect to the per-
fect RB mechanism. The rotation and the hinge position are hence
functions of the oscillation amplitude as well as the instability
rotation. Considering the high slenderness (k � 26) of the tested
specimens, the model assumed for the definition of the kinematic
quantities involved is the RB one. The rotation history is obtained
by dividing the horizontal displacement history recorded by the
height of the wire potentiometer. Fig. 15a and b plot the rotation
Fig. 15. Rotation and angular velocity time histories:
and angular velocity time histories normalised with respect to
the instability rotation (A) considering a mechanism with the ver-
tical load applied on the wall thickness edge for the SIN-01-00
specimen (test 4.4) and the CAV-01-04 specimen (test 4.6). It is
possible to appreciate, as largely known for rocking systems, the
dependence of the frequency of the response on the oscillation
amplitude. The CAV-03-02 specimen did not show significant free
vibration oscillations in the RWA tests and therefore did not allow
a straightforward computation of the energy dissipation.

Therefore, a first experimental estimation of the coefficient of
restitution is obtained from peak angular velocity responses of
the lower body. In order to avoid inconsistencies in its computa-
tion (e.g. e > 1) due to the slight asymmetry of the response
observed in some tests, it was computed with response peaks of
the same side of motion, thus assuming that the coefficient of resti-
tution is constant for two consecutive peaks. It has been computed
according to Eq. (3):

eexp;v ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
_h1;nþ2

_h1;n

s
ð3Þ

Sorrentino et al. [20], equating the ratio between potential and
kinetic energies, expressed the coefficient of restitution as a func-
tion of the peak amplitude of rotation before and after the impact.
Also in this case, to avoid inconsistencies, two consecutive peaks in
the same direction of motion have been considered, as was done
for angular velocities. The equation is the following:
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where An
1 ¼ a1 � jh1;nj, An

2 ¼ a2 � tana2
tana1

jh1;nj, Anþ2
1 ¼ a1 � jh1;nþ2j and

Anþ2
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jh1;nþ2j while a1 and a2 are geometric parameters

shown in Fig. 10 and h1;n is the n-th peak rotation of the lower body.
Eq. (4) leads to identical results compared with the methodology
proposed by the classic analytical rocking theory [27]. Costa et al.
[30] and Sorrentino et al. [32] directly used the latter formulation
to compute the experimental coefficient of restitution for two dif-
ferent experimental campaigns on cantilever rocking masonry
walls.

Fig. 16a shows a comparison between e values computed from
peak angular velocities (Eq. (3)) and from peak rotations (Eq. (4))
SIN-01-00 test 4.4 (a) and CAV-01-04 test 4.6 (b).



Fig. 16. Comparison between different coefficients of restitution for all the specimens (a) and comparison between coefficients of restitution eexp,r for different specimens (b).

Table 8
Comparison of experimental and analytical coefficient of restitution.

Specimen ean Test Mean
eexp;r

St.
Dev.
eexp;r

Mean
eexp;v

St.
Dev.
eexp;v

SIN_03_00 0.991 2.2 0.906 0.061 0.872 0.047
2.4 0.902 0.038 0.852 0.070

SIN_01_00 0.991 4.3 0.906 0.027 0.878 0.039
4.4 0.891 0.026 0.841 0.045

CAV_01_02 0.991 5.2 0.697 0.036 0.615 0.087
CAV_01_04 0.989 4.5 0.749 0.138 0.742 0.105

4.6 0.785 0.084 0.713 0.203
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for the single-leaf specimen (SIN-01-00 and SIN-03-00 configura-
tions). The eexp values of two consecutive impacts, computed as
previously described, are assigned to the first of the two impacts.
eexp;v provided slightly lower and more scattered values compared
to eexp;r . The former can be influenced by the resolution of the mon-
itoring devices for small levels of rotation, while the latter has been
demonstrated to successfully simulate the energy losses in simpli-
fied SDOF model. For these reasons all the results have been pro-
posed by means of eexp;r [30]. The coefficients of restitution of the
cavity wall specimens have been computed according to the CS
inner wall crack patterns, geometry and rotation histories, taking
into account the final goal of developing a reliable SDOF system
that is able to simulate the OOP dynamic behaviour of cavity walls.
Fig. 17. Damping ratio vs frequency values (a) and coeffi
The eexp;r associated with cavity walls specimens (Fig. 16b) are
much lower, due to the energy dissipated by the tie system and
due to interaction between the two walls which will not move per-
fectly in phase, causing a significant damping effect on the system.
This phenomenon is much more evident in the CAV-01-02 speci-
men where the number of ties is limited to 2 ties/m2 and conse-
quently the number of impacts detected.

Table 8 summarises the mean and standard deviation for coef-
ficients of restitution computed for each run. No appreciable differ-
ence can be detected in the e values with the variation of the
superimposed vertical load, while a slight reduction due to the
specimen mortar bed joints damage at the hinge location can be
detected. The ratio eexp;r=ean for the single-leaf specimen is equal
to 0.91, very close to the 0.9 value proposed by Sorrentino [24].
As expected, it is also lower than 0.95 proposed by Sorrentino
et al. [32] for cantilever walls responding in rocking. Derakhshan
et al. [23] recently showed that simplified models assuming a coef-
ficient of restitution between 0.78 and 0.83 successfully simulated
the dynamic response of specimens [8,9,11] squatter than the ones
tested in this work.
4.6.3. Experimental computation of the damping ratio
Some authors simulated this mechanism dynamics considering

the horizontal displacement correspondent to the wall mid-height
hinge as the unique kinematic quantity. In these cases energy
cient of restitution vs damping ratio relationship (b).
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dissipation has been modelled as a velocity dependent acting force
through a constant, variable (cycle to cycle) [33] or stiffness pro-
portional damping ratio [34]. Doherty [8] provided an estimation
of the equivalent viscous damping (EVD) ratio n associated with
the cyclic energy loss through the decay of the oscillation ampli-
tude in a series of free vibration tests. The damping ratio was hence
determined according to Eq. (5):

n ¼ lnðhnþ2=hnÞ=2p ð5Þ
observing a lower bound value equal to 6%. As shown in Fig. 17a, the
single-leaf specimen exhibits damping ratio values between 5 and
10%, whereas cavity specimens show values considerably higher
than 10%. The change in the frequency response in the single-leaf
specimen due to the different superimposed vertical load (from
SIN-03-00 to SIN-01-00) is also detectable. In particular, the CAV-
01-04 response appears linearly dependent on the frequency of
the system, and hence on the oscillation amplitude. More tests will
need to confirm this trend. Fig. 17b plots the relationship between
the coefficient of restitution (computed according to Eq. (4)) and
the damping ratio (computed through the logarithmic decay), for
all the specimens tested. It confirms that the empirical relation
between e and n, proposed by Makris and Konstantinidis [35] agrees
well with the experimental data. Such empirical relation is pre-
sented by Eq. (6).

n ¼ �0:68 ln ðeÞ ð6Þ
5. Conclusions

This paper presented the results of an OOP shaking table test
campaign on cavity wall and single-leaf components. All the
recorded signals (accelerations, displacements, videos) can be
requested online (http://www.eucentre.it/nam-project). The pre-
sented work was part of an extensive experimental campaign aim-
ing at assessing the seismic vulnerability of Dutch URM buildings.
All the test specimens (single-leaf and cavity) collapsed in one-way
vertical bending/rocking behaviour, exhibiting the classical top,
bottom and mid-height hinges. Although the ties had negligible
flexural stiffness in addition to poor mechanical characteristics of
the CS wall mortar, the connections ensured a horizontally-
coupled response in the cavity components and guaranteed com-
patibility between the two leaves’ horizontal displacements, even
for the specimens containing only 2 ties/m2. This allows the analy-
sis of the OOP seismic behaviour of cavity walls by simplified SDOF
models, as previously proposed for single walls [8,20,21]. All the
tested cavity wall specimens showed lower capacities when com-
pared to the single-leaf specimen loaded with the same axial force.
Damage due to failure of the bed joints caused by steel ties com-
pression have been detected in all the cavity wall specimens. The
experimental work confirmed that the specimen capacity is
strongly influenced by the vertical stress acting on the walls, also
for cavity walls.

The number of ties connecting the two walls does affect the
cavity wall response. The CAV-01-04 (4 ties/m2) specimen has
shown almost 10% higher capacity than the CAV-01-02 specimen
(2 ties/m2) and the capability to resist a larger number of excita-
tions. The CAV-01-04 specimen resisted, without collapse, a maxi-
mum peak acceleration of 0.73g, after this test the specimen was
subjected to a further series of RWA inputs collapsing only 6 runs
later under a lower peak acceleration (0.62g Gr-2 input).

The paper investigated also the force-displacement relationship
and the dynamic energy dissipation involved in the mechanism.
Regarding the F- D relationship, it is interesting to underline that
the cavity components showed capacities that can be modelled
starting from the sumof RBmechanismsof the twowalls considered
independently. The energydissipationhasbeenestimatedassuming
two damping models: the impulsive dynamics with the coefficient
of restitution and the classical dynamics theory with the damping
ratio. The former has been assessed around 0.90 for the single-leaf
specimen with a ratio between theoretical and experimental value
of 91%, close to the value of 90% obtained by Sorrentino [24]. Cavity
components, due to the two walls dynamic interaction exhibited
much lower values of the coefficient of restitution, i.e. 0.7 for CAV-
01-02 and 0.77 for CAV-01-04, respectively. For what concerns the
equivalent viscous damping ratio, values from 5 to 10% have been
observed for the single-leaf specimen andmuch larger ones for cav-
ity wall components (up to 30%).
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