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A B S T R A C T

Post-earthquake structural damage shows that out-of-plane (OOP) wall collapse is one of the most common 
failure mechanisms in unreinforced masonry (URM) buildings. This issue is particularly critical in Groningen, a 
province located in the northern part of the Netherlands, where low-intensity induced earthquakes have become 
an uprising problem in recent years. The majority of buildings in this area are constructed using URM and were 
not designed to withstand earthquakes, as the area had never been affected by tectonic seismic activity before. 
OOP failure in URM structures often stems from poor connections between structural elements, resulting in 
insufficient restraint to the URM walls. Therefore, investigating the mechanical behaviour of these connections is 
of prime importance for mitigating damages and collapses in URM structures.

This paper presents the results of an experimental campaign conducted on timber joist-masonry cavity wall 
connections. The specimens consisted of timber joists pocketed into masonry wallets. The campaign aimed at 
providing a better understanding and characterisation of the cyclic axial behaviour of these connections. Both as- 
built and strengthened conditions were considered, with different variations, including two tie distributions, two 
pre-compression levels, two different as-built connections, and one strengthening solution. The experimental 
findings underscored that incorporating retrofitting bars not only restores the system’s initial capacity but also 
guarantees deformation compatibility between the wall and the joist. This effectively enhances the overall 
deformation capacity and ductility of the timber joist-cavity wall system.

1. Introduction

Out-of-plane (OOP) wall collapse is one of the most common failure 
mechanisms in unreinforced masonry (URM) structures. Insufficient or 
ineffective connections at wall-to-wall, wall-to-floor or wall-to-roof 
levels are one of the main reasons for OOP failures [1]. This issue is 
particularly critical in Groningen, a province located in the northern 
part of the Netherlands, where low-intensity human-induced earth
quakes have been occurring since 1991 due to gas extraction. The ma
jority of buildings in this area are constructed using URM and were not 
designed to withstand earthquakes, as the area had never been affected 
by tectonic seismic activity before. Hence, the assessment of URM 
buildings in the Groningen province has become of high relevance.

URM buildings in Groningen are typically low-rise, which generally 
embody vulnerable structural elements such as large openings, slender 
and cavity walls, and timber diaphragms, and lack any specific seismic 

detailing, including connections between structural elements. For 
example, according to a study by Arup [2], traditional Dutch houses 
with cavity walls and flexible diaphragms make up 23.8 % of the in
ventory in the Groningen province. Additionally, in common Dutch 
practice, the timber joist end is either simply placed on a pocket located 
in the inner leaf of a cavity wall, or a hook anchor is added to improve 
the connection [3].

Wall-to-floor connections are essential players in ensuring the global 
stability of URM structures against seismic and other dynamic actions. If 
these connections are inadequate or absent, an earthquake-resistant 
box-type behaviour cannot be ensured, and local wall failure mecha
nisms such as bending, sliding, and out-of-plane wall collapse may occur 
[4,5]. Traditional wall-to-floor connections in URM structures can be 
categorised as friction-based (hereinafter referred to as mortar pocket 
connections) and anchor-based. The mortar pocket connection can be 
characterised as the simplest and oldest construction practice, in which 
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the joist is inserted over the whole width or half the width of a masonry 
wall for thin or thick walls, respectively. The anchor-based connections 
are a relatively modern solution, in which the timber joist is connected 
to the masonry using connectors, such as iron straps, metal tie-bars or 
hooked anchors. Joist-masonry connections have been extensively 
investigated in the literature. The essential research is summarised in the 
following paragraphs by distinguishing the experimental campaigns 
conducted at either the building level or component (single connection) 
level along with some illustrative examples of wall-to-floor connections 
(Fig. 1).

As stated in the literature, in case of mortar pocket connections, 
frictional resistance plays an important role in the development of OOP 
mechanisms of the connected walls [6]. In order to understand the dy
namic behaviour of historic stone masonry with timber floors and roofs 
and evaluate possible strengthening solutions, an experimental 
campaign on three full-scale two-storey buildings was carried out at the 
EUCENTRE laboratory in Pavia [7]. One of the tested structures was 
representative of a vulnerable building lacking anchors between ma
sonry walls and timber floors [8]. The specimen showed a local 
out-of-plane failure due to the poor connections. In tests of another 
specimen, named Building 2, the floor diaphragm-to-wall connections 
were improved by the inclusion of anchors, which allowed to prevent 
premature OOP failures. Consequently, improving the connections in 
the building led to a global response, resulting in increased lateral 
strength and stiffness.

With the aim of characterising the seismic behaviour of typical Dutch 
houses, an extensive multiscale testing programme was performed at 
EUCENTRE laboratories [9]. Specifically, this campaign aimed at 
investigating the seismic behaviour of structural components, assem
blies and complete buildings. Among others, full-scale shaking table 
tests of a cavity wall terraced house [10] and a double-wythe clay-brick 
detached house [11] with flexible timber diaphragms were conducted. 
Two different connections: mortar pocket connections and connections 
with hook anchors, were used between timber joists and masonry walls 

for both the terraced and detached houses to represent the actual 
as-built condition. The hook anchors were placed on the pocket of the 
inner leaf for the cavity wall terraced house, while they were inserted 
into the masonry between the two wythes for the detached house. It was 
reported that no sliding or significant differential displacements be
tween joists and masonry were recorded, although the connections were 
damaged. For this reason, the connections were, in general, assessed to 
perform adequately. However, since the research focused on the global 
dynamic behaviour of the buildings, the performance of the single 
connections was not further investigated.

With regard to tests conducted at the component level and specif
ically on mortar pocket connections, Almeida et al. [12] performed an 
experimental study to characterise the frictional resisting mechanism 
between a timber floor and masonry (Fig. 1a). In this experimental 
programme, triplet tests were conducted to investigate the cyclic friction 
of timber-timber and mortar-timber connections. The wall-to-floor 
connection was designed to be representative of unstrengthened con
ditions, in which the timber joist was supported by a masonry wall. Two 
different mortar types were considered: antique mortar and modern 
mortar. The antique mortar represented a weak-quality mortar used in 
historic buildings consisting of hydraulic lime and sand, while the 
modern one was a high-quality mortar without aggregates. They found 
that the surface roughness of the timber can be a governing factor in 
increasing friction resistance, while the loading rate had no influence on 
the friction behaviour. The authors also mentioned that the specimens 
with antique mortar did not exhibit a frictional type of behaviour and 
were hence excluded from the experiment since the mortar was 
grinding, breaking up and degrading into powder.

Lin and Lafave [13] conducted a testing campaign on two different 
types of typical wall-to-floor connections, with and without nailed strap 
anchors (Fig. 1f). The specimens were subjected to three different 
loading methods, namely: static monotonic, static cyclic loading and 
dynamic cyclic loading. The specimens represented a common typology 
for joist-wall connections in URM buildings. The as-built mortar pocket 

Fig. 1. Examples of wall-to-floor connections: timber floor resting on masonry wall [12] (a), timber joist seated in a pocket with hook anchor [20] (b), hook anchor 
embedded in the masonry wall [11] (c), wall-to-diaphragm connections with timber blocking [18] (d), joist masonry wall connections with cavity wall tie con
nections [3] (e), and strap anchor connection [13] (f).
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connections provided a lower strength capacity compared to the speci
mens with nailed strap anchors. An average friction coefficient of 0.5 
was defined for the former specimens, in good agreement with the 
values found in previous literature, e.g. those given in the American 
Civil Engineer’s Handbook [14].

The efforts to reduce the risk of OOP failure focus on improving 
connections between diaphragms and walls. One of the main retrofitting 
solutions applied for masonry buildings is through the use of anchorage 
systems [15]. Porcarelli et al. [16] conducted an experimental campaign 
to investigate the tension and shear load behaviour of anchors for stone 
masonry buildings. It was mentioned that the capacity increases under 
tension load as the anchor embedment depth increases. Regarding the 
shear behaviour of anchors, Giuriani et al. [17] conducted an experi
mental investigation to characterise the behaviour of anchors employed 
to transfer horizontal shear forces between diaphragms and walls. 
Another study was conducted by Giongo et al. [18] on the performance 
of the shear transferring connection anchors between timber floors and 
masonry walls (d). A timber blocking element is used to represent the 
seismic strengthening of ancient URM buildings. It was observed that the 
thickness of the blocking element had no impact on the shear behaviour 
of the specimens.

Mirra et al. [19] conducted an experimental investigation on 
different timber joist-masonry wall connections in single-wythe calcium 
silicate masonry walls, representing part of cavity walls in traditional 
Dutch houses (Fig. 1b). A total of seven configurations were studied, 
including mortar pocket connections, hook anchors, and strengthened 
connections. They focused on timber-masonry connections in a 
single-leaf wall and the absence of an overburden load in the inner leaf.

Timber joists and cavity walls are common construction practices not 
only in the Netherlands [10] but also elsewhere in the world [21–23]. 
Although previous studies have already provided insight into the seismic 
behaviour of wall-to-diaphragm connections, there is a lack of experi
mental results that consider cavity walls with timber joists in as-built 
and strengthened conditions representing timber joist-masonry cavity 
wall connections in typical Dutch masonry structures. Thus, an experi
mental campaign has been conducted at BuildinG Laboratory of Hanze 
University of Applied Sciences, which aimed at thoroughly character
ising the cyclic axial behaviour of timber-joist connections in as-built 
conditions as well as to assess the performance of possible strength
ening solutions for the Dutch context but also can be extended to other 
countries worldwide with similar configuration. Section 2 describes the 
geometry of the specimens, the test setup, and the adopted testing 
protocol, as well as the companion tests conducted at the material level 
to identify the material properties. Section 3 presents and discusses the 
results of the experimental campaign for connections in both 
unstrengthened and strengthened conditions. Special attention is 
devoted to the identification of failure modes and hysteretic behaviour 
for each group of tests performed. Finally, Section 4 summarises the 
main findings of the experimental campaign and recommends future 
developments.

2. Specimen characteristics

The experiments presented in this paper aim to provide a compre
hensive characterisation of the cyclic axial behaviour of timber joist- 
cavity wall connections in as-built conditions and to assess the perfor
mance of possible strengthening solutions.

2.1. Test specimens

Timber diaphragms (floors or roofs) are commonly used in URM 
buildings [24]. The timber floor joists are typically connected to the 
masonry walls by inserting the joists in pockets in the masonry so that 
the connection mostly relies on a frictional resisting mechanism. As an 
alternative, in some countries, such as the Netherlands, hook anchors 
are used to ensure a stronger connection. For this reason, these two 

alternative constructive solutions are considered for the experimental 
campaign.

All wallets tested in this study were constructed on a steel beam by an 
experienced mason to ensure the best possible quality control. Each 
specimen consisted of a cavity wall with metal ties and a timber joist laid 
in a pocket in the inner leaf of the wall. The specimens were left to cure 
for at least 28 days prior to testing (as-built conditions) or to applying 
the retrofitting solutions (strengthened conditions).

Six wallets were tested in unstrengthened connections, reproducing 
cavity walls with timber joists in as-built conditions. A statistical anal
ysis conducted by the authors [3] shows that cavity walls in Dutch 
construction practice are often composed of an inner load-bearing leaf 
made of calcium silicate brick masonry (CS), an outer non-load-bearing 
leaf made of clay brick masonry (CB) and a cavity (Fig. 2a). Full-size 
bricks were used in the experimental campaign, including the CS 
brick, which had a size of roughly 210×70×102 mm, and the CB brick, 
which was roughly 210×50×100 mm. In the specimens, the inner leaf 
was nominally 1030 mm high, 930 mm wide, and 102 mm thick, while 
the outer leaf was approximately 950 mm high, 930 mm wide and 
100 mm thick.

The timber joist, with a size of 55 × 155 mm and a total length of 
1600 mm long, was inserted in a pocket of the inner leaf, with a 10-mm- 
thick mortar bed-joint below and above the joist. It should be noticed 
that embedding the timber joist in mortar bed joints is a common 
practice not only in the Netherlands [10,25] but also elsewhere around 
the world [26]. The timber joists used in this experimental campaign 
were chosen to be in good condition to eliminate the uncertainties that 
may stem from wood decay. Wood decay can be found in old buildings 
with timber floors under conditions of high wood moisture content 
[27–29]. It should be noted that the friction coefficient in the case of 
wood decay in timber joists may differ from that found in this study due 
to imperfections on the contact surface. Table 1 summarises the char
acteristics of the tested walls, which are described in detail in the 
following paragraphs, grouped per typology of the test.

Regarding the as-built wall-to-wall connections, L-shaped ties with a 
diameter of 3.6 mm and a total length of 200 mm were embedded be
tween two bricks in the mortar joint. The geometry and characteristics of 
the ties were selected consistently to those used in a previous testing 
campaign conducted by the authors [30]. The embedment length 
differed at each end of the tie: the zigzag end was embedded in the outer 
leaf of the cavity wall for a length of 50 mm, whereas the hooked ends 
were embedded in the inner leaf of the cavity wall for a length of 70 mm.

Regarding the as-built wall-diaphragm connections, the timber joist 
end is either simply placed on a pocket located in the inner leaf of a 
cavity wall, an as-built mortar pocket connection, or a 14-mm-diameter 
hook anchor is added to improve the connection. Both solutions are 
consistent with the construction practice in the Netherlands. For the 
latter solution, the connection is provided by the hook anchor, fastened 
to the timber joist with three screws. In the experimental campaign, the 
hook anchor was passed through the CS leaf, bearing against the exterior 
surface of the CS leaf. The details of the cavity wall tie and hook anchor 
are displayed in Fig. 2.

Two different levels of pre-compression were applied on top of the 
load-bearing calcium-silicate leaf, namely 0.1 MPa and 0.3 MPa. 
Meanwhile, the non-load-bearing clay leaf functioned as a free-standing 
cantilever wall, following common construction practices in the 
Netherlands. The applied pre-compression levels were considered to be 
representative of a cavity wall at the first and second levels of a typical 
URM residential building [31].

After completing the testing of the specimens in as-built condition, 
the six walls (J1, J2, J3, J4, J5 and J6) were retrofitted by connecting the 
outer leaf and the timber joist with helical bars and retested. The helical 
bar is a twisted stainless steel reinforcing bar. Two helical bars with a 
diameter of 6 mm and a total length of 335 mm were used. The retested 
specimens were named by adding “T” onto the front of the names of the 
corresponding as-built specimens, i.e., TJ1 to TJ6 (Table 1).
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Fig. 2. Geometry of the tested wallets and construction details: view of the cavity wall specimen with timber joist (a), view of the external side of the inner leaf of a 
cavity wall (b), the geometry of a specimen with two as-built cavity wall ties and details of cavity wall tie connection (c) and the geometry of a specimen with four as- 
built cavity wall ties and details of hook anchor connection (d) (dimensions are in mm). Note that S is simply-supported edge and Free is free edge.
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Table 1 
Overview of the specimens in terms of applied pre-compression level and connections details in unstrengthened and strengthened conditions.

Specimen 
Type

Specimen 
Name

Initial 
pre-comp. level

As-built condition Strengthened condition

Timber joist-wall connection Number of As-built 
wall ties

Timber joist- 
wall connection

Unstrengthened connections J1 0.1 Pocket connection 2 ties -
J2 0.1 Hook anchor 2 ties -
J3 0.1 Pocket connection 4 ties -
J4 0.1 Hook anchor 4 ties -
J5 0.3 Pocket connection 4 ties -
J6 0.3 Hook anchor 4 ties -

Connections with strengthened helical bars TJ1* 0.1 Pocket connection 2 ties Helical bar
TJ2* 0.1 Hook anchor 2 ties Helical bar
TJ3* 0.1 Pocket connection 4 ties Helical bar
TJ4* 0.1 Hook anchor 4 ties Helical bar
TJ5* 0.3 Pocket connection 4 ties Helical bar
TJ6* 0.3 Hook anchor 4 ties Helical bar

* After testing in the as-built condition, the specimens were strengthened and retested.

Fig. 3. Details of the strengthened connections with helical bars: installing procedure for helical bars (a), schematic overview of helical bars (b), and test wall 
configuration for the strengthened connection (c) (dimensions are in mm).
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To simulate the real installation of helical bars, two holes perpen
dicular to the wall and in the orientation of the joist were drilled through 
the whole thickness of the outer leaf and 80 mm through the joist 
(Fig. 3a). Then, the clay mortar bed was cut with a minimum length of 
120 mm for each helical bar. First, the spiral bars were installed through 
the predrilled holes to connect the veneer to the joist. After installing 
helical bars in the uniaxial direction of the joist, the spiral bars were bent 
90 degrees in the bed joint of the outer veneer with approximately a 
length of 120 mm. Therefore, out of a total length of 335 mm, a length of 
80 mm was embedded in the joist, 80 mm of the bar was in the cavity 
gap, an additional length of 50 mm was embedded in the outer leaf for 
half of its thickness, while the rest of the tie (which was around 120 mm) 
was bent and embedded in the bed-joint of the clay leaf (Fig. 3b). 
Finally, the slots were filled with high-strength epoxy materials.

2.2. Test Setup and the boundary conditions

The test setup was composed of a stiff reaction frame, two air bellows 
and an electro-mechanic actuator. In order to restrain the specimen to 
the frame, a bottom steel plate was used. A timber plywood plate was 
attached to the bottom steel beam to provide proper adhesion for the 
specimens. The specimens were built on the steel beam, while high- 
adjustable steel support was used during the construction period to 
support the timber joist. The support was removed when the specimen 
was placed in the test setup. After that, the bottom steel plate was bolted 
to the two carriers on the legs of the frame.

The specimens were loaded via the joist with an electric actuator, 
which had a capacity of 30 kN for both positive (pulling) and negative 
(pushing) directions, integrated with a data acquisition system. The 
actuator was aligned horizontally along the centreline axis of the joist. 
The free end of the joist was connected to the actuator, allowing for the 

transfer of the applied load in the uniaxial direction of the joist through 
the pressure apparatus. It should be noted that due to the way the joist 
was connected to the actuator, rotations and vertical displacements of 
the end of the joist were prevented.

The specimens were subjected to vertical pre-compression via two air 
bellows to simulate the effect of load-bearing walls acting on the inner 
leaf of the masonry structure. A steel plate was placed on the top of the 
load-bearing inner leaf in order to distribute the pre-compression stress 
uniformly at every point. In order to prevent OOP movement of the top 
end of the inner leaf of the cavity wall, a pair of steel braces was added to 
the test setup. The braces were fixed on one end of the test setup and on 
the other to the top of the inner leaf. The details of the application of the 
pre-compression and of the steel braces are shown in Fig. 4. A vertical 
dead load of 100 kg was applied to the middle of the joist to simulate the 
self-weight of the portion of the floor supported by the joist.

The top horizontal edge of the inner leaf was restrained against 
vertical translation due to the presence of the air bellows. Because of 
that, in the case of overturning and subsequent vertical displacements of 
the top block of the inner leaf, variations in the vertical pre-compression 
might have occurred. Hence, the initially applied overburden is called 
the initial pre-compression level, as in Table 1. The bottom horizontal 
edge of the inner leaf was bonded to the timber plywood, which provide 
partial restrain against rotation at the base of the wall. Hence, it can be 
expected that the resultant of the vertical load will be located in between 
the wall face and the wall centreline. The first assumption considers 
hinged conditions, while the second considers clamped conditions at the 
bottom of the inner leaf. Morandi [32] reported that assuming the ends 
of a wall as a simply-supported hinged boundary condition will lead to a 
conservative solution. Hence, the out-of-plane boundary condition of 
the inner leaf was treated as a simply-supported system in which the 
rotations at both the top and the bottom of the wall were not restrained. 

Fig. 4. Test setup: Air bellows, steel plate and braces details (a); detail of actuator and dead load (b) and schematic view of the test setup (c).
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The outer veneer was treated as a cantilever system, in which the top 
edge of the wall was free to rotate and translate. It should be noted that 
with such a configuration, the equilibrium of the outer leaf is guaranteed 
by the wall-to-wall connection to the inner leaf. The boundary condition 
of the specimens is schematically shown in Fig. 5.

The locations of the sensors are illustrated in Fig. 6. The potenti
ometers were placed symmetrically on both surfaces of the inner and 
outer leaves to measure the absolute displacement. The relative 
displacement of the leaves was obtained between the symmetric sensors. 
The relative displacement between the CS leaf and the joist was 
measured using potentiometers (7, 8 and 9 in Fig. 6). The absolute 
displacement of the timber joist was measured by the sensor in the 
actuator.

2.3. Loading protocol

The specimens were subjected to a quasi-static reversed-cyclic 
loading to understand better the force-deformation response of wall-to- 
floor connections, which also closely resemble seismic scenarios 
[33–35]. Cyclic loading protocols can be found in literature such as 
European norm EN 12512 [36] or ISO 16670 [37]. In this experimental 
campaign, the cyclic loading protocol defined according to Method B of 
the ASTM standard [38] was originally developed for ISO 16670 [37] to 
be able to compare the findings of this study with those from a previous 
study [19]. The cyclic protocol was selected with the aim of evaluating 
the strength and stiffness degradation, as well as the complete hysteretic 
behaviour of the specimens.

A displacement-controlled procedure was applied. A monotonic test 
had to be conducted first to determine the ultimate displacement, which 
was then used as reference deformation to define the amplitudes of the 
cycles. Hence, the reference deformation of the cyclic test in this study 
was derived from the monotonic test conducted by Mirra et al. [19], who 
considered a single-wythe masonry wall with a timber joist with a 
configuration very similar to that of the present testing campaign. The 
reference deformation, Δm, from the Monotonic tests was chosen equal 
to a value of 20 mm. The loading protocol consists of three fully reserved 
cycles at the displacement of 1.25 %, 2.5 %, 5 %, 7.5 %,10 %, 20 %, 
40 %, 60 %,80 %, 100 %, 120 %, 140 %, 160 %, 180 %, 200 %, 220 %, 
240 % and 280 % of the reference deformation. The loading rate was set 
at 0.3 mm/s. The cyclic loading protocol is illustrated in Fig. 7.

2.4. Mechanical characterisation of the materials

A series of companion tests were performed to characterise the me
chanical properties of the materials used in the testing campaign. The 
flexural and compressive strength of the mortar and the bond strength 
between the masonry unit and mortar were determined.

The mechanical characterisation of the mortars both for inner and 
outer leaves was defined in terms of mean compressive strength, fm, and 
flexural strength of mortar, fbm, in agreement with NEN-EN 1015–11 
[39].

The majority of the masonry buildings in the Netherlands were 
mainly constructed with low-quality mortar [40]. Hence, both the inner 
and outer leaves were constructed using a low-strength mortar with a 
nominal compressive strength of 5 MPa. The results of the flexural and 
compressive strength tests are reported in Table 2. The flexural tests 
were performed on 60 specimens and compressive tests on 120 speci
mens, randomly selected from the batches. The compressive strength 
was measured equal to 4.25 MPa, whereas the flexural strength to 
1.53 MPa. The specimens showed a coefficient of variation approxi
mately equal to 30 % for both tests.

The bond strength between the masonry unit and mortar, fw, was 
determined in agreement with the bond wrench test described by EN 
1052–5 [41]. Solid clay bricks were used for the outer leaf and CS bricks 
for the inner leaf. Two types of couplets were tested, representative of 
the tested specimen in the experimental campaign, namely CS bricks 
with a low-strength mortar (CS-5 M) and clay bricks with a low-strength 
mortar (CB–5 M). For each type, a total of 10 couplets were tested for 
material characterisation. The values of the bond strength of the cou
plets are shown in Table 3.

Helical bars were used in the retrofitted specimens. Helical bars with 
a diameter of 6 mm and 304 Grade stainless steel spiral shape were used 
per each strengthened specimen. A particular material characterisation 
test for the helical bars used in this experimental campaign was not 
conducted. However, the properties of the helical bars were taken from 
the technical description provided by the producer in terms of tensile 
and compressive strength capacity. The values are summarised in 
Table 4.

3. Experimental results

This section presents the results obtained in terms of hysteretic 
behaviour, failure mode, and dissipated energy. The unstrengthened 
specimens are divided into two categories: mortar pocket connections 
(Specimens J1, J3 and J5) and hook anchor as-built connections 
(Specimens J2, J4 and J6). The name of the strengthened specimens 
(TJ1, TJ2, TJ3, TJ4, TJ5 and TJ6) is obtained by simply adding the 
prefix T to the corresponding tested unstrengthened specimens. For 
instance, specimen TJ1 is the strengthened version of the original 
specimen J1, where helical bars are used for strengthening after the 
initial tests.

3.1. Hysteretic behaviour

A summary of the peak forces in pulling and pushing, the initial 
stiffness value and the displacement values at the peak force in pulling 
and pushing are reported in Table 5. The initial stiffness is determined as 
the slope of the force-displacement curve up to 1 mm of the relative 
displacement between the joist and wall. It is important to note that 
positive displacements and forces correspond to the pulling loading di
rection of the joist (henceforth called pulling). Hence, the direction of 
pushing the joist towards the wall (henceforth called pushing) indicates 
negative forces and displacements.

The hysteretic behaviour of the unstrengthened specimens is re
ported together with that of the corresponding strengthened specimens 
in Fig. 8. In addition, a comparison between the as-built and strength
ened conditions of each corresponding group in terms of envelope curve Fig. 5. Schematic of the boundary conditions.
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in pulling and pushing directions is presented in Fig. 8g and h, respec
tively. The OOP force applied to the wall via the timber joist is plotted 
against the relative displacement between the joist and the wall.

Regarding the unstrengthened specimens, none of the force- 

Fig. 6. Location of the sensors.

Fig. 7. Cyclic loading protocol.

Table 2 
Flexural and compressive strength of CS and CB.

Material property Symbol UM Remix BM2 (5 M)

Average C.oV.

Compressive strength of mortar fm MPa 4.25 0.29
Flexural strength of mortar fbm MPa 1.53 0.30

Table 3 
Bond strength for each group.

Material property Symbol UM CS - 5 M CB - 5 M

Average C. 
oV.

Average C. 
oV.

Flexural bond 
strength

fw MPa 0.09 0.15 0.41 0.19

Table 4 
Summary of material properties of 6 mm stainless steel spiral Helical bar with 
304 Grade.

Loading Material property UM Results from
[42]

Tensile loading 0.2 % Proof stress N/ 
mm2

995

Ultimate tensile strength kN 9.8
Shear strength kN 5.5

Compressive 
loading

Compressive strength 
(gap=75 mm)

kN 2.20

Compressive strength 
(gap=100 mm)

kN 1.59

Compressive strength 
(gap=125 mm)

kN 1.15
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displacement curves were perfectly symmetrical with respect to the 
pulling and pushing directions. The hysteresis loops of the mortar pocket 
connections (J1, J3 and J5) were mostly characterised by frictional 
behaviour, but additional contributions due to vertical forces caused by 
arching actions within the walls were observed, as discussed in detail in 
Section 3.2. The hysteresis loops of the specimens with hook anchors 
(J2, J4 and J6) also exhibited highly unsymmetrical behaviour with a 
pronounced pinching effect, mostly due to the location of the hook an
chor, which bares against the exterior surface of the CS leaf in pulling 
while providing only limited frictional behaviour in the pushing. In 
pulling, the connection was fully efficient up to high forces, and the joist 
moved together with the inner leaf. However, when the joist moved 
toward the wall, the limited friction resistance provided could not limit 
the relative displacements between the two structural elements.

Given the presence of the additional vertical forces acting on the 
mortar pocket connections, the values of the peak forces measured for 
specimens J1, J3, and J5 could not be used to estimate the frictional 
properties of the connection. However, a relatively symmetric hori
zontal plateau with elastic-plastic behaviour was observed for the force- 
displacement curves of these specimens towards the end of the loading 
protocol. The plastic state was characterised by pure sliding of the joist 
without any additional contribution. For this reason, the friction coef
ficient between masonry and timber is computed based on the values of 
the force at the plastic plateau, averaged for both loading directions. The 
friction coefficient is therefore estimated equal to 0.6. Such value is 
deemed appropriate for the contact surface, being in line with the values 
determined by several studies in the literature [12,13,43]. This value is 
assumed to be representative of the friction between timber and ma
sonry for every specimen and at any stage of the loading protocol.

Regarding the specimens with timber joist-masonry connections 
strengthened by means of helical bars, it should be noted that the 
contribution of cohesion to the capacity of the connection can be 
neglected since the specimens had already been tested. Nevertheless, the 
strengthened specimens generally exhibited a higher strength capacity 
than those in the as-built condition. This is obtained thanks to the ca
pacity of the helical bars to strongly connect the joist to the outer leaf. 
The failure of the specimens required therefore also the activation of an 
OOP rocking mechanism of the outer leaf.

A comparison between the performance of Specimens J1 and TJ1 is 
shown in Fig. 8a. Specimen TJ1 presented higher capacity in both 
loading directions than that of J1. Additionally, a second peak was 
observed for Specimen TJ1, larger than the first one, due to the acti
vation of the rocking mechanism of the outer leaf when the full capacity 
of the cavity wall system was exploited.

Specimens TJ2 performed similarly to J2 (Fig. 8b). In fact, although a 
strong connection to the outer leaf was achieved at the joist level, which 
can be detected from the deformation of the outer leaf, the number of 
cavity wall ties is insufficient to adequately connect the two leaves. 

Specifically, a horizontal crack developed along the 1st bed joint from 
the bottom of the outer leaf, followed by the OOP rocking mechanism of 
the whole cavity wall. However, a second horizontal crack took place in 
the middle of the CB inner leaf, leading to the instability of this element.

Specimen TJ3 exhibited a more brittle behaviour compared to 
Specimen TJ1 since the stiffness of TJ3 was higher due to a large number 
of as-built ties (Fig. 8c). Unlike the previous specimens, horizontal 
cracks were detected at both the base and the mid-height of the outer 
leaf in the initial loading stage, thanks to the higher number of ties. The 
two leaves moved in parallel up to the peak achieved for an imposed 
displacement of 4 mm, after which the ties partially failed and softening 
behaviour followed. It is important to point out that the peak force of 
Specimen J3 was higher than that of J1, which is due to the bond 
strength. This can be explained by the fact that a stronger bond will not 
only cause a higher peak force but also a higher arching force while 
deforming OOP.

Specimen TJ4 showed rocking of the whole system, as described for 
specimen TJ3, as shown in Fig. 9. In pulling, the post-peak phase was 
characterised by a plateau up to large displacements (40 mm), similar to 
the unstrengthened specimen J4, being then the capacity still governed 
by the effectiveness of the masoned-in anchor (Fig. 8d). On the contrary, 
in the pushing direction, the post-peak showed a gradual softening 
behaviour following the development of hinges at the bottom and 
middle of the outer leaf. Nevertheless, the increase of capacity for the 
pushing direction compared to that of specimen J4 is noticeable.

Unlike the other specimens, the capacity of the strengthened speci
mens TJ5 and TJ6 did not reach that of the corresponding unstrength
ened specimens, J5 and J6, respectively (Fig. 8e and f). The OOP rocking 
mechanism of the whole system could not activate because the helical 
bars ruptured before. This was likely provoked by the larger stiffness and 
lateral resistance of the wall caused by the higher pre-compression level 
and the larger number of embedded ties. The behaviour was, hence, 
governed mainly by the performance of the helical bars, whose asym
metric behaviour in tension and compression also caused the asymmetry 
of the global hysteresis curve. The helical bars buckled in compression 
while exhibiting a pull-out failure mechanism in tension.

3.2. Mechanical contributions to the total connection resistance

As noted in the previous section, additional vertical forces were 
introduced at the joist-wallet interface determined by the boundary 
conditions of the test setup. First, the horizontal top and bottom edges of 
the specimens were fixed. Hence, when the middle of the wallet was 
displaced in the OOP direction, the deformation of the specimen and the 
uplifting resulting from cracking caused an increase in the axial vertical 
force (due to confinement of the diagonal length of the half wall), as 
schematically displayed in Fig. 10. This affected the capacity of the 
connection. It should be noted that this phenomenon is noticeable only 
when the boundary conditions of the specimen restrict vertical dis
placements at the top of the wallet; in other words, when the vertical 
movement of the specimen is either fully or partially restrained. The 
additional resistance depended on the horizontal bending caused by the 
displacement imposed at mid-height of the wall. This led to a migration 
of the neutral axis in the cracked sections and hence introduced an 
elongation along the centroidal axis and resulted in greater compressive 
forces. The elongation can be related to the horizontal displacement of 
the wall at the pocket where the timber joist was inserted through simple 
geometric observations.

In addition, it should be noted that the joist deflected during the 
experiment because one extreme of the joist was fixed in the testing 
machine and could not displace vertically nor rotate, while the other 
extreme was displaced vertically due to the OOP rocking of the inner leaf 
and the sliding of the joist in the pocket, as shown in Fig. 11 (the out-of- 
plane rocking of the wall is amplified to provide a clearer visualization 
of the vertical displacement). Specifically, the pivot point at the bottom 
(B in Fig. 11) was assumed to be in the corner of the bottom brick due to 

Table 5 
Peak strength in pulling and pushing, initial stiffness and displacement at the 
peak force in pulling and pushing.

Specimen Peak force (kN) Initial stiffness (kN/mm) Displacement at 
peak force (mm)

Pulling Pushing Pulling & Pushing Pulling Pushing

J1 2.29 3.13 6.05 0.51 2.15
J2 5.40 1.29 1.20 17.80 48.60
J3 4.02 5.59 15.30 1.32 1.32
J4 4.91 1.59 1.88 19.22 28.13
J5 3.77 4.89 19.49 1.79 3.42
J6 6.63 3.61 2.12 13.36 16.75
TJ1 4.75 4.21 8.80 16.29 1.96
TJ2 6.10 1.44 0.28 20.08 41.38
TJ3 4.05 3.84 3.03 3.75 1.15
TJ4 5.83 4.42 2.11 7.28 3.26
TJ5 5.10 3.36 5.95 7.13 1.05
TJ6 6.07 2.80 2.53 10.54 1.49
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Fig. 8. Comparison of hysteresis curves of the unstrengthened specimens and the specimens with strengthened timber joist-masonry connection by means of helical bars (mortar 
pocket connections are shown on the left (a, c, d) and hook anchors on the right of the figures (b, d, f)) as well as envelope curves in terms of in pulling (g) and pushing 
(h) directions.
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the high rotational stiffness of the support at the base of the wall, while 
the pivot point at the top (T in Fig. 11) was assumed to be in the middle 
of the section. Additionally, the sliding can further modify the height of 
that point. The joist deformation introduced then an additional shear 
force due to the flexural and shear stiffness of the element.

3.3. Failure mechanisms

In general, the specimens in as-built conditions were tested up to 
exhibiting moderate damage. Then, the test was stopped, and the 
specimens were strengthened in order to fully investigate the effec
tiveness of the retrofitting solution. A review of some observed failure 
mechanisms is shown in Fig. 12.

The specimens with mortar pocket connections exhibited failure at 
the joist-wall interface, with a joist-sliding failure mode that included 
partial joist-to-wall interaction, as explained in Section 3.2. On the other 
hand, the specimens with hook anchors and the strengthened specimens 
exhibited a rocking failure mode of the whole system (Fig. 12b and f). 
Diagonal cracks propagating from the joist were detected (Fig. 12e). 
Such cracks would not be expected when pure sliding occurs, as 
observed in the study conducted by Mirra et al. [19]. However, the 
applied overburden pressure, good initial bond between the joist and the 
inner leaf, and, especially, the arching effect that developed due to the 
vertically confined boundary conditions triggered the development and 
propagation of these cracks.

Fig. 9. Rocking behaviour of TJ4 under pulling (a) and pushing (b).

Fig. 10. Schematic description of the arching effect mechanism.

Fig. 11. Vertical deformation of joist at embedded edge during testing.
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Regarding the specimens with hook anchors, the prevailing failure 
mode varied depending on the loading direction due to the asymmetric 
action of the anchors. In the pulling direction, the hook anchor provided 
a strong bond between the joist and the inner leaf so that an OOP rocking 
mechanism of the whole system activated and eventually governed the 
capacity of the specimens. Conversely, in the pushing direction, the 
anchor did not provide any additional resistance due to the friction 
between timber and mortar, and a friction-based mechanism governed 
the failure of the connection. Regarding the strengthened specimens, the 
rocking failure mode occurred for all the specimens except for specimens 
TJ5 and TJ6, for which the rupture of the helicoidal bars determined a 
sudden drop in capacity after the peak load.

To facilitate a better understanding of the failure mode observed for 
the different specimens, the lateral deformed shape of both inner and 
outer leaves is plotted in Fig. 13 for the maximum displacements in both 
positive and negative directions. The deformed shape represents the out- 
of-plane displacements of the inner and outer leaves measured by the 
peak displacement in each potentiometer. The displacements of the 
measured points were then connected by straight lines. It should be 
noted that the deformations of the unstrengthened specimens from 
Fig. 13a to Fig. 13f are amplified ten times with respect to real de
formations. As expected, the specimens with hook anchors showed 

higher displacement capacity than that of the specimens with mortar 
pocket connections, for which the displacement of the joist could not be 
effectively transferred to the wall (in other words, while the joist dis
placed, the wall remained almost still). When the unstrengthened and 
strengthened specimens are compared, the veneer of the strengthened 
specimens undergoes the rocking-type behaviour, hence exhibiting 
higher OOP displacement (Fig. 12a, c, and d). This also confirms the 
contribution of the outer leaves to the resisting mechanism (Fig. 12g and 
h).

Finally, the effect of the considered variations, namely two different 
tie distributions, two different pre-compression levels, two different as- 
built connections, and two different conditions, was evaluated. The 
main findings are reported as follows:

• The number of as-built cavity wall ties: two vs four (J1 vs J3) – a 
higher number of as-built ties in the cavity wall contributed to the 
transfer of the load from the inner to the outer leaf. However, more 
damage was observed in the inner leaf around the ties. Such damage 
was observed only in the inner leaf due to the over-resistance of the 
wall tie embedment in the clay outer leaf with respect to the 
embedment in the CS inner leaf, as reported in [30].

Fig. 12. Observed damage at the end of test Specimen TJ6 and TJ4: Rupture of the helibars (a), sliding of the joist and brick cracking at the location of the hook 
anchor (b), rupture of the cavity wall tie (c), bending of the wall tie (d), cracks around the embedded wall tie as well as the expulsion of the cone of mortar around the 
tie (e); OOP rocking mechanism of the outer leaf (f), concentration of damage in the outer leaf due to the helical bars (g), and sliding cracks at the base of the outer 
leaf (h).
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• Levels of initial pre-compression: 0.1 MPa vs 0.3 MPa (J1, J2, J3, and 
J4 vs J5 and J6) – the inner leaf exhibited fewer cracks under higher 
pre-compression stress conditions. The stiffness of the wall increases 
with higher overburden.

• Mortar pocket connection vs joist with hook anchor (J1 vs J2) – as 
extensively discussed in this and in the previous sections, the pres
ence of a hook anchor modifies the failure mode. Specifically, no 
sliding of the joist was observed in the pulling direction when a hook 
anchor was installed. On the other hand, this determined more 
damage in the inner leaf.

• As-built condition vs strengthened condition (J1-J6 vs TJ1-TJ6) – As 
described above, the strengthened specimens were able to withstand 
larger deformations related to the rocking response of the system, 
with the exception of specimens TJ5 and TJ6, whose performance 
was jeopardised by the rupture of the helicoidal bars.

3.4. Hysteretic energy dissipation

Energy dissipation capacity for connections should be described as 

an ability to absorb energy input from earthquakes and reduce the 
amount of energy transmitted to other structural elements. This capacity 
is a crucial indicator of how well a connection performs under seismic 
loading. To determine the energy dissipation capacity of the specimens, 
the cumulative hysteretic energy is calculated based on the area 
enclosed in the “Force-Displacement” loops. In this case, the force refers 
to the total reaction force of the joist, while the displacement is the 
horizontal displacement of the joist. The cumulative hysteretic energy 
dissipated by the system for a specific displacement of the joist is 
calculated by adding up the energy dissipated per loop up to that 
reversed cyclic displacement.

A comparison of the accumulated hysteretic energy for all the 
specimens is provided in Fig. 14. The as-built specimens with mortar 
pocket connections dissipated, in general, more energy than those with 
hook anchors. Such higher dissipation is due to the observed dissipative 
frictional mechanism. However, specimen J6 dissipated more energy. 
This is the specimen with a hook anchor and four cavity wall ties, and an 
applied pre-compression level of 0.3 MPa. The combination of such 
conditions, which allowed for higher stiffness and resistance, also 

Fig. 13. Deformed shapes of the unstrengthened (from a to f) and strengthened specimens (from g to l). The deformations of the unstrengthened specimens are 
amplified 10 times with respect to real deformations. The dash lines indicate the out-of-plane displacements of the inner and outer leaves measured by the peak 
displacement in each potentiometer (the blue dash lines are in pulling, and the red dash lines are in pushing.
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determined more energy dissipation. For the rest of the specimens with 
hook anchors, the damage localised around the anchor, causing smaller 
energy dissipation.

Interestingly, the strengthened specimens dissipated a similar 
amount of energy to those with mortar pocket connections and hook 
anchors. This is mostly due to the fact that on the one side, the specimens 
are able to withstand much higher lateral deformations, but on the other 
side, the rocking mechanism is characterised by low energy dissipation. 
Additionally, it should be noted that the strengthened specimens lacked 
initial cohesion, as that was gone during the first testing phase and were 
already pre-damaged (again, due to the first testing phase) in the sur
roundings of the connections.

The presented experimental results are based on quasi-static testing, 
thus certain findings could be different if dynamic earthquake loading 
was applied. Specifically, the inclusion of inertia and viscoelastic 
damping in the overall response, as well as the randomness of the 
loading sequence in the case of dynamic loading via a real accelerogram, 
could potentially alter the overall response. There is no established 
difference between dynamic and quasi-static loading cases for masonry; 
however, some comparative studies in the literature, such as [44], report 
comparable results for quasi-static and dynamic tests on masonry.

4. Conclusions

This paper presents the findings of an experimental campaign 
focused on both as-built and strengthened masonry sub-assemblies, 
specifically those consisting of timber joists connected to cavity wall
s—the campaign aimed to comprehensively characterise the behaviour 
of these connections under cyclic axial loading. The results contribute to 
the existing literature, particularly by comparing as-built and strength
ened conditions. Additionally, the findings shed light on the complex 
interactions between joist and wall-to-wall metal tie connections 
involving two different wall layers.

Regarding the as-built condition, two different failure modes were 
observed, depending on the type of connection adopted between the 
joists and the wall: joist-sliding and rocking failure modes. The joist- 
sliding failure mode was obtained in case of mortar pocket conditions 
and also for the specimens with a hook anchor in the pushing direction 
(i.e., when the joist is pushed closer to the wall). Conversely, the hook 
anchor provided an adequate bond between the joist and the wall in the 
pulling direction so that the rocking of the whole system was eventually 
observed. The capacity of the connection was also affected by an arching 
effect that was determined by the vertically restrained boundary con
ditions. On the one hand, this increased the capacity of the connection, 
but on the other hand, it determined the development of diagonal cracks 
propagating from the joist in the shape of punching shear.

In the case of specimens with a hook anchor, pinching was observed 
in the force-displacement curves due to the asymmetric behaviour of the 
anchor, which bared against the exterior surface of the CS leaf in pulling 
while providing only limited frictional behaviour in the pushing 
direction.

For both specimens with a hook anchor and strengthened with he
licoidal bars, failure was governed by the out-of-plane rocking of the 
whole cavity wall system. This behaviour was influenced by the OOP 
flexural strength of both the inner and outer leaves and by the coupling 
force provided by the ties between the leaves. In general, only a slight 
increase in capacity compared to the as-built condition was observed for 
the strengthened specimens, as an OOP rocking mechanism already 
limited the capacity of the wall system in as-built conditions. Specif
ically, an average increase of 10 % in peak load for pulling, while an 
average decrease of 18 % for pushing was observed. Also, the total 
hysteretic energy dissipated by the strengthened specimens was com
parable to that measured for the as-built ones. The most remarkable 
benefit of the proposed strengthening solutions was the increased 
displacement capacity of the system, as well as the limited sliding and 
possibility unseating of the joist from the pocket.

An increase in the number of wall ties and a higher initial pre- 
compression level only slightly improved the load capacity of the wall. 
This limited effect can be attributed to the development of a micro gap 
around the timber joist interfaces. When the timber joist slid in the 
pocket back and forth, a micro gap developed around the joist section at 
the interface between the timber joist and the pocket. Because of the 
vertical loads on it, the joist was pushed downwards, making stronger 
contact with the pocket at the bottom face of the connection, while the 
upper side of the joist remained at a minimal level of contact with the 
wall. This is the reason why the increased vertical loads on the wall did 
not significantly increase the vertical stresses at the joist-pocket inter
face, since they cannot be fully transferred to the joist due to this micro 
gap at the top of the joist, rendering thus the effects of this increase on 
the friction resistance of the joist minimal.

The installation of the retrofitting bars not only allowed the system to 
recover the initial capacity but also ensured deformation compatibility 
between the wall and joist, thus increasing the overall deformation ca
pacity and ductility of the timber joist-cavity wall system.

It should be noted that the presented tests are quasi-static, while 
dynamic testing might have provided different results due to the acti
vation of inertia and viscoelastic damping components. Furthermore, a 
size effect may be inherent in the tests due to the relatively small di
mensions of the tested walls as compared to the joist dimensions. 
Finally, it is important to note that the timber joists in the tested spec
imens were in ideal perfect conditions, while in reality, such joists may 
present various imperfections, such as geometric imperfections, exces
sive moisture and wood decay. Such imperfections may eventually affect 
the joist response.
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