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A B S T R A C T

The seismic assessment of the out-of-plane (OOP) behaviour of unreinforced masonry (URM) buildings is 
essential since the OOP is one of the primary collapse mechanisms in URM buildings. It is influenced by several 
parameters, including the poor connections between structural elements, a weakness highlighted by post- 
earthquake observations. The paper presents a mechanical model designed to predict the contributions of 
various resisting mechanisms to the strength capacity of timber-joist connections in masonry cavity walls. The 
research presented in this paper considers two different failure modes: joist-wall interface failure, and OOP 
rocking behaviour of the URM walls. Consequently, two mechanical models are introduced to examine these 
failure modes in timber-joist connections within masonry cavity walls. One model focuses on the joist-wall 
interface failure, adopting a Coulomb friction model for joist-sliding further extended to incorporate the arch-
ing effect. The other model investigates the OOP rocking failure mode of walls. The combined mechanical model 
has been validated against the outcomes of an earlier experimental campaign conducted by the authors. The 
considered model can accurately predict the peak capacity of the joist connection and successfully defines the 
contribution of each mechanism in terms of resistance at failure.

1. Introduction

The seismic behaviour of unreinforced masonry (URM) structures is 
primarily governed by their ability to redistribute horizontal loads 
among structural elements, particularly from walls subjected to out-of- 
plane (OOP) loading to those subjected to in-plane (IP) loading, which 
is commonly referred to as box-behaviour [1]. Specifically, the effec-
tiveness of the connections between walls and diaphragms is crucial in 
preventing OOP failures and exploiting the structure’s maximum 
resistance.

URM buildings with lack of adequate connections show high 
vulnerability to OOP collapse, as revealed by post-earthquake structural 
observations in various world regions, such as those conducted after the 
1997 Umbria-Marche earthquake in Italy [2], the 2009 L’Aquila earth-
quake in Italy [3], the 2011 Canterbury earthquake in New Zealand [4], 
or the 2015 Gorkha earthquakes in Nepal [5]. This is also expected to be 
a critical issue in Groningen, a province in the north of the Netherlands 
where human-induced earthquakes caused by gas extraction have 
occurred in the last decades [6]. The building stock in the region is 

commonly constituted by either single-wythe or double-wythe cal-
cium-silicate and clay brick URM walls, timber floors and lack of any 
specific seismic detailing such as connections between structural ele-
ments [7–9]. Additionally, cavity walls whose leaves are often con-
nected by insufficient of corroded steel ties are often used. However, 
until now, little research has been carried out to characterise the seismic 
behaviour of connections between structural elements in typical Gro-
ningen houses, especially wall-to-diaphragm connections.

Keeping this aim in mind, an experimental campaign was conducted 
at Hanze University of Applied Sciences to provide benchmarks for the 
definition and validation of mechanical models for timber-diaphragm 
connections. The campaign, presented in [10], aimed to provide a 
complete structural characterisation of timber joists to URM cavity walls 
in both as-built and strengthened conditions under cyclic axial loading. 
Two different failure modes were observed: (i) failure at the joist-wall 
interface, with a joist-sliding failure mode that included partial 
joist-to-wall interaction in case of weak as-built joist-masonry connec-
tions, and (ii) OOP rocking failure of the wall for retrofitted 
over-resistant connections. The former mechanism depended on the 
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cohesion and friction between the timber joist and the masonry, as well 
as on the arch effect activated due to the joist-to-wall interaction. The 
latter failure mechanism was characterised by the rocking behaviour of 
either one or both leaves of the wall.

A summary of studies that proposed mechanical models for the 
frictional behaviour of joist-wall connections and for the rocking 
behaviour of URM walls is provided. The main objective of this review is 
to identify mechanical models that account for not only pure sliding of 
the connection or rocking of the URM walls but simultaneously incor-
porate an arching effect.

1.1. Literature review of frictional behaviour of joist-to-wall connections

The failure of timber-joist connections is often governed by their 
shear behaviour: when the shear force applied at the interface of the part 
of the joist embedded in a URM wall exceeds the frictional capacity of 
the connection, sliding of the joist occurs. Coulomb classified two types 
of friction as follows: (i) static friction, which is the resistance until 
starting the relative motion, and (ii) dynamic friction, which concerns 
the resistance when the surfaces move with respect to one another.

The static friction coefficient can be computed as the maximum 
tangential force that develops before the onset of the sliding mechanism 
divided by the normal load acting on the interface. In contrast, the 
resisting force due to dynamic friction can be described in terms of the 
residual resisting force, which is achieved after the force drop due to the 
activation of sliding. In the study of Suh & Turner [11], static and dy-
namic friction were compared for the dry materials. It was concluded 
that the dynamic friction coefficient was smaller than the static friction 
coefficient, generally of the order of 25 %. Another study by Doherty 
[12], evaluated the performance of URM connections containing damp 
proof course membranes under dynamic loading in order to assess their 
seismic integrity. In addition, he compared the dynamic friction coeffi-
cient determined from the experiments conducted by the author with 
the quasi-static friction coefficient derived and proposed by Griffith & 
Page [13]. It was highlighted that the quasi-static friction coefficient 
was not more than 20 % higher than the dynamic friction coefficient.

Casapulla et al. [14] conducted a study on the simple overturning 
mechanism of a masonry wall weakly connected to the timber dia-
phragm. They defined a priori a failure mode based on the frictional 
resistance at the support of the timber diaphragm. This was represented 
as a cohesionless Coulomb’s law so that the capacity of the connection is 
limited by a horizontal friction force.

The physical characteristics of the contact surfaces can affect cohe-
sion and friction coefficient. Casapulla et al. [14] investigated the sta-
bilising role of the frictional resistance in presence of a simply inserted 
horizontal diaphragm. A value of friction coefficient equal to 0.1 was 
assumed for light horizontal diaphragms, 0.3 for intermediate di-
aphragms, and 0.6 for heavy diaphragms. The sensitivity of the load 
multiplier (i.e. the factor by which the earthquake ground motion 
should be scaled to determine failure of the structure) with respect to the 
friction coefficients was studied. It was found that when a joist is 
inserted in a masonry pocket of a URM wall, an increase in the seismic 
masses associated with heavier floors reduces the load multiplier of the 
walls.

The joist-sliding failure mode was recently studied by Almeida et al. 
[15], who conducted an experimental campaign with cyclic triplet tests 
between mortar and timber units. Friction was described as a surface 
force that restrained the sliding motion of bodies. Three assumptions 
were made: friction is (i) independent of the normal area of contact, (ii) 
proportional to the normal force, and (iii) independent of the sliding 
speed. The first assumption had as consequence that the contribution of 
cohesion was neglected.

The static friction force corresponded to a maximum shear force, 
which developed before the onset of sliding of the joist. In contrast, the 
resisting force due to dynamic friction was described in terms of residual 
resisting force, which was achieved after the force dropped due to the 

activation of sliding. The study concluded that the dynamic and static 
friction coefficients were similar for mortar-timber specimens.

Besides dry friction, cohesion contributes to the bond at the interface 
between timber and masonry, playing an important role in the definition 
of the peak force and of the post-cracking hysteric behaviour [16]. 
Although the cohesion bond between brick and mortar was commonly 
studied in the literature [17–19], only few studies have focused on the 
cohesion between timber and masonry [20,21]. A Coulomb type of 
representation can be adopted to determine the friction and cohesion 
bond between masonry and timber (Fig. 1a). The Coulomb friction cri-
terion [22] is based on a linear failure envelope to determine the critical 
combination of shear and normal stress that will cause failure. The ul-
timate shear strength at the interface between timber and masonry at a 
particular level of normal stress can be calculated by the Coulomb cri-
terion (1), as seen in Fig. 1b. The post-peak phase is characterised by 
cohesion softening, followed by a plateau representing residual dry 
friction. 

τ = c+ μ • σN (1) 

1.2. Literature review of arching effect

As mentioned above, the joist-wall interface failure observed in the 
experimental campaign conducted by the authors [10] was character-
ized by sliding of the joist. The resistance of the connection was affected 
by the interaction of the joist to the wall, as an arching mechanism was 
activated while deforming OOP. The arch effect increases the level of 
lateral confinement at the timber-wall interface and hence affects fric-
tional behaviour. No studies in the literature focused on frictional 
behaviour with arching effect for timber-masonry connections to the 
knowledge of the authors. However, the arching effect on masonry 
structures and how it may affect the force capacity of the walls have 
been studied extensively in the literature [23–26].

The strength capacity of masonry walls can be affected by the 
arching effect when URM walls are bounded by relatively rigid elements 
[25]. Hence, where vertical displacement is restrained, fixed-fixed 
boundary conditions may induce arching effects under OOP loading. 
Nils Royen’s work, dating back to 1937, can be considered the foun-
dation for the arch effect in the compressive response of unreinforced 
masonry (URM) walls under vertical loading, as noted by Magenes [27]. 
Subsequently, similar approaches have been followed by other authors 
in the following decades [28–31].

Paulay and Priestley [32] introduced a simplified procedure that 
relies on the elastic buckling behaviour for the OOP response of masonry 
walls, particularly for one-way vertical spanning URM walls. This pro-
cedure is based on the exact solution for the compressive response of 
masonry walls originally developed by Sahlin [30]. The simplified 
analytical model is developed to define the load-deflection (P-Δ) rela-
tionship for masonry walls. Fig. 2 illustrates the behaviour of a slender 
unreinforced wall subjected to an applied vertical load.

The vertical load, P, and corresponding displacement, Δ, can be 
computed according to Paulay and Priestley [32], as follows: 

Δ = 0.5 × tw ×

⎛

⎝y −

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

y2 −
fc

6E

(
h
tw

)2
√ ⎞

⎠ (2) 

P = 0.75 × fc × tw ×

⎛

⎝y +

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

y2 −
fc

6E

(
h
tw

)2
√ ⎞

⎠ (3) 

y =
1
2
−

e
tw

(4) 

where tw is the thickness of the wall, y is the dimensionless distance 
from the extreme compression fibre at the top and bottom sections of the 
wall to the line of action of the load, P, h is the height of the wall and e is 
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the eccentricity of the axial load. An increase in the lateral displacement, 
Δ, leads to an increase of the bending moment at midspan. It should be 
noted that the lateral displacement, Δ, or the load, P, can be obtained by 
differentiating Eqs. (2) or (3), respectively, for a given stress value at the 
extreme compression fibre at mid-height, fc.

1.3. Literature review of rocking behaviour of URM walls

The rocking behaviour of rigid blocks or assemblies has been widely 
studied in the literature [23,33–36] since it is one of the most common 
out-of-plane (OOP) failure mechanisms for URM walls. The type and 
quality of masonry, geometry of the wall, boundary conditions and 

magnitude of the vertical load can influence the rocking failure mech-
anism [37]. The simplest configuration is represented by URM canti-
lever walls. When subjected to OOP loading, such walls first crack along 
the base of the wall and then undergo rocking behaviour. For URM 
cantilevers, the static overturning force can be simply computed 
assuming zero tensile strength. When the URM walls are supported also 
at the top (one-way vertical spanning walls), cracks develop at top, 
bottom and approximately mid-height of the wall. The resulting force 
due to vertical bending moment at a specific height of wall can be 
calculated as recommended in the Australian Masonry Standards, 
AS3700 [38].

The assessment of the OOP failure of URM walls has been studied 
mostly for single leaf walls [12,33,39–42]. Doherty et al. [12] proposed 
a bilinear curve to represent the OOP force-displacement behaviour of 
walls, by assuming infinite material stiffness for the rigid bodies in 
which the wall is divided after cracking. Griffith et al. [41] conducted an 
experimental program to produce experimental evidence and support 
the model proposed by Doherty et al. [12]. During the experimental 
campaign, a total of 14 one-way vertically spanning URM walls were 
tested. The load was applied at mid-height of the walls by means of an 
actuator. The boundary conditions represent a simply supported wall 
with a vertical load at the top-edge of the wall face. Force-displacement 
relationships were computed via both the linear elastic theory and the 
rigid body theory. However, both equations consider only a single wall 
since cavity walls have a complex dynamic behaviour due to the pres-
ence of the load-bearing leaf and the non-load-bearing leaf connected by 
cavity wall ties.

Tomassetti et al. [34] proposed a static force-displacement rela-
tionship for the OOP analysis of one-way vertical spanning strip cavity 
walls. The model assumes that the cavity wall ties provide effective 
connection between the two leaves. In the study of Tomassetti et al. 
[34], the seismic behaviour of vertically spanning URM cavity walls 
subjected to out-of-plane movements is defined by a bilinear 
force-displacement model, derived from a nonlinear rigid-body kine-
matic analysis. The model represents an upper bound of the OOP static 
force capacity, which is the total rigid body force, FRP = Fc+F0,iw+F0,ow, 
associated with the sum of the two rigid body mechanism forces of the 
two walls, and the coupling force of the embedded ties. The deformation 
capacity is represented by the instability displacement, uins, which is the 
maximum wall displacement.

The linear elastic response of the OOP one-way bending is calculated 
by adopting the equilibrium method according to plastic analysis prin-
ciples. First, the cracking force is defined based on the identified 
boundary conditions. Hence, only one level of stiffness is associated with 
calculating the cracking force due to the formation of one hinge for the 

Fig. 1. Definition of cohesive-frictional behaviour in shear: Coulomb friction law (a), and Coulomb friction and cohesion softening for interfaces subjected to shear 
and compression (b).

Fig. 2. Schematic presentation of the behaviour of a slender URM wall sub-
jected to vertical load from Paulay and Priestley [32].
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pinned-pinned condition. After the formation of the horizontal crack at 
the mid-height of the wall, the rocking behaviour fully develops. The 
formation of three hinges, which are at the wall bottom (A-A’), mid- 
height (B-B’) and top (C-C’) can be seen in Fig. 3. The rigid bodies 
rotate around the pivot points A’, B and C’. a1 and a2 represent the 
geometric angles for defining the slenderness of the two rigid bodies 
above and below the mid-height crack of the wall. W1 and W2 are the 
weights of the two rigid bodies below and above, respectively. σvo is the 
vertical overburden stress applied with eccentricity, e. h1 and h2 are the 
heights of the two rigid bodies below and above, respectively.

Due to the hinges, the wall can undergo large displacement. The 
proposed model also considers the eccentricity due to migration of the 
top resultant overburden force along the top edge of wall. Regarding the 
bilinear curve, as seen in Fig. 4, rigid force, Fo, and the instability 
displacement, uins, are calculated by using the following equations, 
respectively: 

FO =
2
h1

(W+ σv0 • tw) • tw +
σv0 • tw

h − h1
(tw +2e) (5) 

uins =

2
h1(W+σv0•tw)tw

+
σv0•tw(tw+2e)

h− h1

2
h1(W+σv0•tw)

+ 2σv0•tw
h− h1

(6) 

where h1 is the panel height where the maximum tensile stress equals 
the masonry flexural strength, σv0 • tw is the overburden force, W is the 
weight of masonry, tw is the thickness of the masonry and e is eccen-
tricity. The coupling force contribution of ties in cavity wall can be 
calculated as follows: 

Fc = 2 • Vt • tw •
h

h1 • h2
+ 2 • Mt

h
h1 • h2

(7) 

Vt =
∑n

1
Vi (8) 

Mt =
∑n

1
Mi (9) 

where Vt and Mt are the sum of the “n” tie plastic moments and the 
corresponding shear forces at the inner leaf edge interface, respectively. 
As shown in Fig. 4, the force capacity of the cavity wall specimens can be 
defined as the sum of the cracking force of the two leaves (considered 
independent) and the coupling force: 

FRP = F0,iw + F0,ow + Fc (10) 

1.4. Main objectives and approach

Considering the observed failure modes from the experimental 
campaign [10], a mechanical model that takes into account the fric-
tional behaviour and arching effect is selected amongst the models 
described in the literature. The adopted model is based on the Coulomb 
criterion with the addition of arching effect from the joist-to-wall 
interaction. Regarding the rocking failure mode, the model proposed 
by Tomassetti et al. [34] is used to predict the rocking capacity of the 
cavity wall system. Section 2 summarises the experimental campaign 
conducted by the authors [10], including the specimen geometry, test 
setup, and the results. Section 3 presents the adopted mechanical 
modelling for (i) joist-wall interface failure mode and (ii) rocking failure 
modes. Section 4 compares the values of the force capacity of the con-
nections predicted via the mechanical model with the experimental re-
sults, grouping the results by type of connection in both unstrengthened 
and strengthened conditions.

2. Experimental campaign

This section provides a summary of the experimental campaign 
conducted by the authors [10]. The campaign aimed to provide a better 
understanding and characterization of the cyclic axial behaviour of 
timber joist-masonry connections. This involved reproducing cavity 
walls with timber joists in both as-built and strengthened conditions, 
with different variations, including two tie distributions, two 
pre-compression levels, two different as-built connections, and one 
strengthening solution. The specimens were built at the BuildinG labo-
ratory. 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 (Fig. 5). The 
cavity wall was composed of an inner load-bearing leaf made of calcium 
silicate brick masonry (CS) and an outer non-load-bearing leaf made of 
clay brick masonry (CB) with an 80 mm cavity (Figure 4.4). Timber 
joists were made of C24 timber [44], similar to those used in the study 
carried out by Mirra et al. [45]. Timber joists in real buildings may have 
various types of imperfections that are not investigated here but could 
significantly affect the overall behaviour.

The wallet specimens were tested on an out-of-plane test setup. The 
test setup was composed of a stiff reaction frame, two air bellows and an 
actuator (Fig. 6). The specimens were loaded via the joist with the 
electric actuator, which was positioned over the joist. It should be noted 
that due to the way the free end of the joist was connected to the 
actuator, rotation of the joist was prevented. 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 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. The top horizontal edge of the inner leaf 

Fig. 3. Rocking behaviour for one-way vertical spanning strip walls: geometry 
at rest (left) and deformed shape (right) from Tomassetti et al. [34].

Fig. 4. Bilinear envelope curve for the force-displacement curve of a one-way 
spanning wall, proposed by Tomassetti et al. [34].
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was restrained against the vertical translation due to the presence of the 
air bellows to apply the overburden. Because of that, 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 bottom of 
the wall were free. While the boundary condition of the outer veneer 
was treated as a cantilever system, in which the top edge of the wall was 
free to rotate and translate. The boundary condition of the specimens is 
schematically shown in Fig. 7. The vertically fixed restraint condition 
may induce arching effect in the case of OOP rocking of the inner leaf.

The as-built specimens were made up of two different connections: 
the masonry pocket connections labelled as J1, J3 and J5 (where the 
timber joist was simply placed in the inner leaf) and the hook anchor 
connections, labelled as J2, J4 and J6. After completing the testing of 
timber joist-cavity wall 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 helicoidal bars and retested, which were named by 
adding “T” to the names of the corresponding as-built specimens, i.e., 
TJ1 to TJ6. The specimens with masonry pocket connection exhibited a 
joist-sliding failure mode, which included partial joist-to-wall interac-
tion, while the specimens with hook anchor and the strengthened 
specimens exhibited a rocking failure mode. The former failure mode 
was characterised by the joist sliding, causing diagonal cracks propa-
gating from the joist. The latter failure mode showed an out-of-plane 
rocking mechanism. As an example of the rocking behaviour, experi-
mental results of a strengthened specimen were selected to illustrate the 

Fig. 5. The wallets during construction (a and b), and geometry of a specimen with two as-built cavity-wall ties (dimensions are in mm).

Fig. 6. Schematic view of the test setup.
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OOP displacement at the middle height and the top of the outer leaf, as 
well as the deformed shape at the end of the test. Additionally, a 
photograph capturing the corresponding moment during the test is 
included (Fig. 8).

It’s necessary to consider scenarios where the arching effect becomes 
relevant in real buildings. Such situations can take place when load 
redistribution occurs above the connection as a result of the OOP 
rocking mechanism of the wall. This redistribution may develop in case 
of stiff portions of masonry above the connections so that local uplifting 
is prevented. This paper proposes a novel method to assess the timber- 
joist connections where the Coulomb friction model is adopted and 
further extended to include the arching effect using the model proposed 
by Paulay and Priestley [32].

3. Mechanical model

Two mechanical models are introduced to examine different failure 
modes in timber-joist connections within masonry cavity walls. The first 
mechanical model is based on the Coulomb criterion with the addition of 
the arching effect from the joist-to-wall interaction. The other model 
investigates the rocking failure mode, applying the model proposed by 
Tomassetti et al. [34] to predict the strength capacity of the connections 

whose experimental performance was conducted by the authors [43]. 
The study aims to identify the contributions of various resisting mech-
anisms to the force capacity of the connection.

3.1. Frictional behaviour of joist-to-wall connections

As highlighted in Section 1, there has been no prior research that 
specifically addresses the development of a model for a joist-sliding 
failure mode that included partial joist-to-wall interaction. The model 
presented in this study is designed to bridge this gap in knowledge. It 
should be kept in mind, however, that the interaction of the wall with 
the joist also depends on wall dimensions and boundary conditions; 
hence, the findings reported here are limited to the conditions previ-
ously tested by the authors.

In the experiments described in [10], it is observed that an additional 
vertical force, other than the pre-compression setup at the beginning of 
the test, is introduced at the joist-wall interface [10]. In the test setup, 
the displacements of the horizontal top and bottom edges of the speci-
mens are restrained. As a consequence, the wall is vertically confined. 
Hence, when the middle of the wall is displaced in the out-of-plane 
(OOP) direction, the deformation of the specimen and the uplifting 
resulting from cracking causes an increase in the axial vertical force, 
affecting the capacity of the connection. The additional resistance 
created by this restraining effect is function of the horizontal bending 
caused by the displacement imposed at mid-height of the wall. This leads 
to a migration of the neutral axis in the cracked wall sections, and hence 
introduces an elongation along the centroidal axis and results in greater 
compressive forces vertically. 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. This effect, caused 
by bulging of the mid-height of the wall following the joist, is the arching 
effect.

It should be noted that this phenomenon is noticeable only when the 
vertical movement of the specimen is either fully or partially restrained. 
This may happen in the case of walls at lower levels in buildings and 
confined at the top by rigid diaphragms, which usually are vertically 
strong and heavier, imposing larger compression and thus strength [46]; 
the force redistribution following the cracking of the walls may cause 
the bespoken arching action. Conversely, the arching effect may not be 
taken into account if a structure is characterised by load-bearing URM 
walls with flexible diaphragms and, hence, less rigid restraints also 

Fig. 7. Schematic description of the arching effect mechanism.

Fig. 8. OOP rocking behaviour of a strengthened specimen. OOP displacement at the middle height and at the top of the outer leaf (a), and the deformed shape at the 
end of the test with a photograph of the corresponding moment (b).
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vertically [25,47,48]. Additionally, it should be noted that the presence 
of the mortar surrounding the joist within the pocket allowed the 
arching forces to be transferred at the interface, which would not occur 
in case of a physical gap between the top side of the joist and the 
intersection masonry wall.

The additional resistance determined by the arching effect is sche-
matically illustrated in Fig. 9. The curve expresses the relation between 
the horizontal force transferred by the timber joist to the masonry and 
the relative displacement between the joist and the wall. Without the 
arching effects, the force-deformation curve of a timber joist – wall 
connection would be based on Coulomb’s law consisting of two contri-
butions, one due to cohesion (Fco) and one to friction and the initial level 
of pre-compression (Fif), FNP = Fco+ Fif. In the case of vertically 
restrained conditions, an arching effect is triggered as mentioned earlier, 
adding to the strength, and resulting an additional capacity, Faf. This 
modified curve, highlighted in blue in Fig. 9a, exhibits increased stiff-
ness and strength, FMP, compared to the unrestrained conditions.

The additional arching force is proportional to the OOP displacement 
at the mid-height of the inner leaf. For this reason, it is related to the 
level of connectivity between the joist and masonry. When the joist and 
the wall are well connected, such as in the initial elastic branch, the OOP 

displacement at the mid-height of the inner leaf is equal to the horizontal 
displacement of the timber joist. For this reason, the maximum contri-
bution of the arching effect is obtained at the end of the elastic region 
where the peak force is attained. After the peak, the level of connectivity 
between the joist and the wall decreases, and relative displacements due 
to sliding between the two structural elements increases. The OOP dis-
placements of the wall then become gradually smaller than those of the 
joist, reducing the effect of the arching force. The post-peak phase of the 
proposed curve is, therefore, characterised by a softening behaviour 
attributed to the cohesion softening behaviour and the fading out of the 
arching effect, followed by a plateau due to the dry friction only.

The conditions for the activation of the arching effect are illustrated 
in Fig. 10. In this schematic illustration, the height of the thrust line, h’, 
is the path followed by the resultant of the forces acting on an arch 
across its span. When a unique displacement, u, of joist and inner leaf is 
observed thanks to the initial strong bond between masonry and timber, 
the arching effect is activated, introducing an elongation along the 
centroidal axis and hence leading to additional compressive normal 
stresses at the joist-wall interface. This increases the frictional capacity 
of the joist-masonry connection. The sliding of the joist starts when this 
force is exceeded due to the absence of anchors between the joist and the 

Fig. 9. Proposed envelope curve compared to the conventional Coulomb model. The vertical axis indicates OOP force transferred by the timber joist to the wall, 
while the horizontal axis indicates the relative displacement between the joist and wall (a). Schematic used to compute the normal force acting at the interface 
between masonry and joist (b).
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wall.
This arching effect is previously reported in the literature [49,50]

and documented in Eurocode 6 [51]. To quantify the increase of fric-
tional force resistance determined by the arching effect, Faf, a mechan-
ical model already reported in the literature that includes both the 
Coulomb friction and arching effect contributions, is considered. The 
model is also used to analyse the contributions of these two mechanisms 
to the masonry pocket connections. In this model, the total frictional 
capacity consists of the cohesion and friction between timber and ma-
sonry and the additional out-of-plane strength (arching force). A number 
of parameters are required to compute the total capacity:

• the friction coefficient,
• the cohesion,
• the normal force acting on the topside and underside of the 

embedded part of the joist,
• the arching force due to the OOP displacement of the inner leaf, 

computed as described above.

The total shear strength of the connection is hence obtained as the 
sum of different contributions. The shear force capacity, which is the 
measured as the force at peak, FEP, is divided by the upside and downside 
contact surface between the joist and the mortar, and is therefore ob-
tained according to Coulomb’s law: 

τ =
FEP

2 • tw • tj
= c+ μ • σN + μ • σA (11) 

where τ is the shear strength, c is the cohesion, μ is the friction co-
efficient, σN is the normal stress at the interface due to the initial pre- 
compression load, and σA is the additional normal stress at the inter-
face caused by the arching effect. The cohesion is assumed to fully 
contribute to the reaction force until the achievement of the peak force, 
assuming an uncracked interface between joist and mortar. The normal 
stress due to the initial axial forces, σN is computed as the initial pre- 
compression load acting at the joist-wall connection, Nif, divided by 
the contact area. The normal stress due to arching, σA, is computed as the 
additional vertical force due to the arching action in the inner leaf, Naf, 
again divided by the contact area. 

σN =
Nif

tw ∗ tJ
(12) 

σA =
Naf

tw ∗ tJ
(13) 

where tw is the thickness of the inner leaf and tj is the thickness of the 
joist. A method to estimate the values of the initial pre-compression 

load, Nif, and of the additional vertical force, Naf, is described in the 
following subparagraphs.

(1) Initial pre-compression load (Nif)
The initial force acting on the contact areas between the joist and the 

masonry is determined as the sum of the weight of the masonry above 
the pocket, the overburden force at the top of the wall, and half of the 
vertical load applied to the joist, halfway between the pocket and the 
restrained end.

(2) Additional vertical force due to the arching effect (Naf)
An additional compressive stress due to arching may be created by 

the rotation of the wall blocks that form above the mid-height horizontal 
crack after rocking initiation in case of vertically restrained conditions. 
As these blocks rotate, the contact area between the joist and masonry 
reduces. In order to compute the arching force, Naf, the additional 
compressive stress, fs, and the corresponding effective section depth, x, 
should be firstly calculated. The additional compressive stress at the 
contact area between the joist and the masonry due to the arching effect, 
fs, is determined based on the study of Paulay and Priestley [32] by using 
Eq. (2) for a given OOP displacement of the inner leaf, u. The effective 
section depth, x, for the corresponding OOP displacement of the inner 
leaf can be computed as follows: 

x = 3(
tw
2
− e − u) (14) 

where e is the eccentricity, and u is the OOP displacement of the 
inner leaf, in which used to calculate the additional compressive stress. 
The arching force on the joist is consequently computed assuming a 
triangular stress profile, as described in [32], as follows: 

C =
fs • x

2
(15) 

Naf = C • tj (16) 

where C is the thrust force per unit width of the joist and tj is the 
width of the joist. A schematic representation of arching effect is 

Fig. 10. Schematic representation of the conditions that determine the acti-
vation of the arching effect.

Fig. 11. Schematic view illustrating the arching effect Schematic view illus-
trating the arching effect: cavity wall with timber joist subjected to OOP 
displacement (a), idealized wall segment model based on Drysdale & Hamid 
[52](b) and equivalent stress block of masonry based on Eurocode 6 [51](c).
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illustrated in Fig. 11.
It is important to note that the peak OOP deflection of the inner leaf 

is observed with increasing amplitude until failure of bond between joist 
and masonry, followed by its decrease and the simultaneous increase in 
joist sliding.

3.2. Wall rocking failure mode due to joist movement

When the joist is connected to the wall by additional connections, 
such as existing hook anchors, or via strengthening solutions, the 
connection between the structural components is more effective. The 
force capacity of the wall-joist connection increases largely and the 
structural system eventually fails due to OOP rocking of the wall. The 
model proposed by Tomassetti et al. [34] is used to predict the rocking 
capacity of the cavity wall system.

In order to analyse the behaviour of walls with different boundary 
conditions, the model proposed by Tomassetti et al. [34] takes into ac-
count both fixed-fixed and pinned-pinned configurations, defining the 
degree of moment restraint associated with the related top and bottom 
extremities, at and ab, as shown in Fig. 12. In the experiments conducted 
by the authors [10], the boundary condition of the inner leaf is defined 
as pinned-pinned, while the outer leaf is considered as a cantilever wall. 
Regarding the inner leaf, the values of at and ab are set equal to 0, 
indicating the development of the moment capacity with a fully devel-
oped crack in the middle of the wall. In this case, as seen in Fig. 12, the 
rocking behaviour develops around the crack (Point A*), where β is 
equal to a value of 5.

The simplified envelope force-displacement curve introduced in 
Fig. 9 is therefore updated by adding the OOP rocking failure mode, as 
shown in Fig. 13. The vertical axis indicates the OOP force transferred by 
the timber joist to the wall, while the horizontal axis indicates the 
relative displacement between the joist and the wall. A bi-linear ideal-
isation is used to define the rocking F-Δ curve. Since the additional 
overburden due to the arching effect determined an increase of the 
frictional capacity, the failure of the system should be close to the OOP 
rocking capacity. It should be noted that, in reality, the size of actual 
walls is usually larger than those tested in this experimental campaign 
[10], and in this case more joists would be inserted in the wall. Since the 
size effect is not included in this study, the strength capacity may differ 
with the increasing of the wall size. Hence, the results of the rocking 
failure mode are constrained by the dimensions of the specimens used 
here.

The formulation, based on the rigid body theorem, can be used to 

define an upper bound for the experimental results discussed in Arslan 
et al. [10] on the as-built and strengthened timber-joist cavity-wall 
specimens.

4. Comparison of predictions with the experimental tests

The force capacities predicted via the analytical models described in 
the previous sections are compared to the results of the experiments 
conducted by the authors and presented in [10]. Comparisons between 
the experimental and analytically determined values are presented in 
the following by clustering the results based on the failure mode. For 
example, the specimens with masonry pocket connection all exhibited 
joist-sliding failure mode, while those with hook anchor and the 
strengthened specimens all exhibited a rocking failure mode.

Friction between the joist and the masonry is an important parameter 
when calculating the joist force capacity. The masonry pocket connec-
tions are used for predicting the friction coefficient since the capacity of 
the connection was mainly governed by the friction. Hence, the friction 
coefficient is calculated as 0.6 and used for all other specimens as well, 
based on the last cycles of loading for both loading directions. This value 
is also in line with the experimental outcomes from testing campaign 
conducted on similar connections [45].

In order to define another important parameter of the analytical 
model, cohesion, it is necessary to determine the values of the total shear 
stress and the normal stresses due to the initial axial loading and arch-
ing. The total shear stress is computed based on the first part of Eq. (11), 
where the peak force, FEP, is measured experimentally in either the 
pulling or pushing direction. The reason why the total shear stresses are 
separately computed for the pulling and pushing directions is due to the 
asymmetry in the test results. This asymmetry is attributed to the 
nonlinearity of the cavity wall system with the test setup, which caused 
additional vertical forces coming from the arching action of the inner 
leaf, hence different frictional resistance in pulling and pushing. The 
values of the normal stresses are computed via Eq. (12) and Eq. (13), 
respectively, where the additional vertical force due to the arching effect 
is derived via Eqs. (14)-(16). The values of cohesion are then computed 
via the second part of Eq. (11).

The values of cohesion computed for Specimen J1, J3 and J5 are 
equal to 0.10 MPa, 0.11 MPa and 0.08 MPa. A cohesion of 0.1 MPa can 
be determined not only directly based on the average behaviour re-
flected by Eq. (11) but also obtained as a reference value for the cohesion 
of masonry, as found in the literature [51,53–55]. Hence, to calibrate the 
mechanical model for the timber-masonry connections studied in the 

Fig. 12. Pre-cracking phase for one-way vertical spanning strip walls consid-
ering the two limit boundary condition situations which are fixed-fixed (A-B-C) 
and pinned-pinned (A*) from Tomassetti et al. [34].

Fig. 13. Simplified envelope curve for both failure modes: the red line indicates 
the Coulomb friction law. The blue line is the proposed curve to predict the 
joist-sliding failure mode, including the Coulomb friction criterion and the 
arching effect. The orange line is the bilinear curve to predict the rocking ca-
pacity of the cavity wall system.

O. Arslan et al.                                                                                                                                                                                                                                  Structures 68 (2024) 107165 

9 



considered campaign, a value of cohesion equal to 0.1 MPa is recom-
mended. If a constant value of cohesion is then assumed, Eq. (11) can be 
used to predict the total resistance of the connection, while Eqs. 
(12)-(16) to identify the contribution of each resisting mechanism.

It is essential to define the out-of-plane displacement of the inner leaf 
in order to compute the additional vertical force due to the arching 
action in the inner leaf. Hence, the horizontal displacement of the 
middle height of the inner leaf of each specimen is determined, high-
lighting the initial rocking behaviour due to bonding and friction be-
tween the joist and masonry. It was obtained that the out-of-plane 
displacement at the middle of the inner leaf where the joist was inserted 
ranged from around 1 mm to 5 mm, in which the peak force was 
measured. The OOP rocking mechanism was activated not only due to 
the connectivity between timber and masonry and the two leaves but 
also due to the test setup, causing additional vertical forces due to the 
arching effect.

Regarding the rocking failure mode, the parameters of the bilinear 
curve derived according to the procedure illustrated in Section 3.2 are 
determined by means of Eqs. (5)–(7). Either the eccentricity of the top 
axial load equal to zero (RB Mechanism) or to half of the wall thickness 
(RB* Mechanism) is considered.

The experimental outcomes are hereinafter compared to the pre-
dictions defined via the mechanical models corresponding to the 
appropriate failure mode. The properties derived from the tests used in 
the mechanical model are summarized in Table 1. The timber class of the 
timber joists was defined as C24 [44]. It is important to note that while 
wood is an orthotropic material, meaning its properties can vary be-
tween the three principal planes, in this case, it was assumed that the 
applied stress on the timber joist was exclusively in the direction parallel 
to the grain of the timber joist and did not exceed the elastic limit. 
Although not observed during the experiments [10], local failures may 
be observed at the end of the joist, which is also perpendicular to the 
grains, especially when the joist is forced to rotate. The effect of such 
local failures may be more detrimental in reality if the joist is in an 
imperfect condition, for example, affected by severe moisture or other 
sorts of decay.

For the interface failure, the predicted resistance is compared to the 
measured peak force obtained for Specimens J1, J3, and J5 in terms of 
the corresponding error, as shown in Table 2. An error of up to 6 % is 
obtained, which is within an acceptable margin considering the com-
plexities and the geometric nonlinearities of the test setup. It is inter-
esting to note that the frictional force due to arching varies largely for 
each considered test, depending on the OOP displacements of the wallet, 
and it can contribute up to more than 50 % of the total connection 
resistance (Specimen J3, pulling direction).

With the exception of specimens J1, J3, and J5 (whose performance 
is discussed above), the experimental force-displacement curves are 
compared to the bilinear curves predicted for an OOP rocking failure 
mechanism. The values of the parameters defining the bilinear curves 
for all the tests are reported in Table 3.

The bilinear curves of the specimens with a hook anchor are plotted 
versus the experimental curves, considering the OOP displacement at 

the middle height of the inner and outer leaves, as displayed in Fig. 14a 
and b, respectively. Also, all the retrofitted specimens, labelled as TJ1- 
TJ6, experienced rocking failure mode (Fig. 14c and d). The final 
collapse of the retrofitted specimens occurs due to the instability of the 
outer leave, which reaches large displacements, as seen in Fig. 14d.

It should be noted that the bilinear curves are defined only for the 
lowest value of pre-compression level, i.e. 0.1 MPa. In fact, although the 
model predicts that an increase in the pre-compression level leads to a 
significant increase in the total rigid force, FRP, all the experimental 
curves remain below the selected analytical curve, showing small 
sensitivity of the system to the level of pre-compression applied at the 
beginning of the test.

As highlighted above, while masonry pocket connections lacking 
appropriate wall-to-floor connections exhibited frictional behaviour of 
the joist-wall interface, the resistance of all the other specimens is 
limited by the rocking of the wallets. This observation is confirmed not 
only by the experimental results but also by the results of the mechanical 
model prediction, which shows that the capacity predicted by the 
rocking behaviour of the wall, FRP, is larger than that of a masonry 
pocket connection, FMP, that exhibits joist-sliding failure mode, which 
leads to local failure. The computed peak force for the rocking mecha-
nism represents, therefore, the upper limit to the resistance of the joist- 
wallet coupled system.

5. Conclusions

This paper aims to identify a mechanical model that is able to esti-
mate the force capacity of timber-joist connections and identify the 
contribution of different resisting mechanisms. The adopted mechanical 
model examines two distinct failure modes: failure at the joist-to-wall 
interface, with joist-sliding and partial joist-to-wall interaction and the 
out-of-plane (OOP) rocking behaviour of the masonry walls.

The joist-to-wall interface failure, which involves joist-sliding and a 
partial joist-to-wall interaction mechanism, governs weak joist-masonry 
connections. Conversely, if the joist-masonry connection is strong, i.e. 
the connection is retrofitted or characterised by high strength, the fail-
ure mechanism shifts from the connection to the wall system, and the 
structural capacity is then reached due to the rocking behaviour of either 
one or both the leaves of the wallet.

This paper addresses two crucial factors: frictional behaviour and 
arching effect. These factors are present in real buildings and should be 
taken into account. Frictional behaviour pertains to the resistance be-
tween the timber joists and the masonry wall interface. In the latter case, 
even when the vertical displacement of walls is not restrained, the 
arching effect due to the out-of-plane behaviour of masonry walls, 
especially at lower levels, needs to be evaluated. This is due to the 
increased structural load, resulting in greater vertical pressure and 
possible arching effect.

An interesting finding is that, due to the OOP displacement of the 
masonry wall generated by the displacement imposed by the timber 
joist, an arching effect is activated, causing additional friction of the 
sliding joist. The total connection capacity at the interface between the 
joist and the wall should, therefore, include two frictional contributions: 
the initial friction force and the additional friction caused by the arching 
effect.

The considered model presented in this paper is capable of accurately 
predicting the peak capacity of the joist connection as obtained from the 
experimental campaign conducted by the authors. Specifically, the error 
between the analytical model and the experimental results for the 
specimens without hook anchors amounts to approximately 5 % in 
terms of peak forces in pulling and pushing if the values of friction co-
efficient and cohesion are assumed equal to 0.6 and 0.1 MPa, respec-
tively. Additionally, it successfully defines the contribution of each 
mechanism in terms of the resistance at failure for the joist-to-wall 
interface failure. Remarkably, the frictional force due to arching can 
contribute up to more than 50 % of the total connection resistance and 

Table 1 
Summary of joist-masonry connection properties.

Material Characteristic Inner leaf Outer leaf

Elastic modulus from Jafari[17] (MPa) 2749 5019
Friction coefficient between joist and masonry 0.6 -
Masonry weight above the joist (kN) 0.06 -
Overburden force above the joist (kN) 0.6 -
Height of wall (mm) 1030 950
Width of wall (mm) 930 930
Thickness of wall (mm) 100 100
Compressive strength of wall from Jafari[17] (MPa) 5.93 -
Flexural strength of wall (MPa) 0.1 0.28
Density of wall (kg/m3) 1683 1740
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Table 2 
Values for each contribution predicted by means of the proposed mechanical model along with the corresponding error. The different components contributing to the 
total force (cohesive force and friction force due to both the initial normal force and the arching effect) are identified.

Specimen Cohesion (kN) Initial frictional force (kN) Frictional force due to arching (kN) Predicted total force (kN) Error

Pulling & pushing Pulling & pushing Pulling Pushing Pulling Pushing Pulling Pushing

J1 1.20 1.09 0 0.78 2.29 3.07 0.1 % − 1.7 %
J3 1.20 1.09 1.66 3.05 3.95 5.34 − 1.8 % − 4.4 %
J5 1.20 2.53 0.2 1.43 3.93 5.16 4.2 % 5.6 %

Table 3 
Parameters used to define the bilinear curves for rocking failure of the tested specimens.

Specimen Fcr (kN) ucr (mm) h1/h FRP (kN) FRP* (kN) Fc (kN) uins (mm) uins* (mm)

J1-J2 
TJ1-TJ2

6.19 0.13 0.51 6.81 8.66 0.2 76.5 100

J3-J4 
TJ3-TJ4

6.39 0.13 0.51 7.01 8.86 0.4 76.5 100

J5-J6 
TJ5-TJ6

8.80 0.13 0.51 17.84 23.31 0.4 75.4 100

Fig. 14. Comparison between the test results of hook anchor specimens and the corresponding bilinear curves: force versus the OOP displacement at the middle 
height of the inner, CS, (a) and of the outer, CB, (b) leaves. Comparison between the test results of retested specimens and the corresponding bilinear curves: force 
versus the OOP displacement at the middle height of the CS (c) and of the CB (d) leaves.
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should, therefore, not be neglected when vertical confinement of the 
connections is expected.

Regarding the rocking behaviour, the bilinear curve defined ac-
cording to the method defined by Tomassetti et al. [34] effectively 
predicts the capacity of the structural system.

In closing, the mechanical models that were studied in this paper can 
be used as a basis not only to develop a general load-deformation hys-
teretic numerical model for timber-joist connections but also to be 
employed to simulate full-scale masonry cavity walls with timber di-
aphragms in which the connection details are explicitly taken into 
account.
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Appendix

List of symbols.
Faf Frictional force caused by arching effect.
Fco Cohesive force.
Fif Frictional force caused by initial pre-compression.
FNP Initial total force due to initial pre-compression and cohesion.
FMP Total force determined by the mechanical model due to initial 

pre-compression, cohesion and arching effect.
FRP Total rigid body force due to rocking behaviour.
FEP Peak force measured experimentally.
Naf Additional vertical force.
Nif Initial pre-compression load.
C Thrust force per unit width of joist.
c Cohesion along the embedded part of joist in masonry wall.
e Eccentricity.
tj Thickness of the joist.
tw Thickness of the inner leaf.
Δ Horizontal displacement of the inner leaf due to the joist.
σN Normal stress on joist due to the initial axial forces.
σA Normal stress on joist due to arching.
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