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Abstract. Damage and collapse of walls in the out-of-plane (OOP) direction are
common failure modes in existing unreinforced masonry (URM) buildings when
subjected to seismic excitation. These localized mechanisms also hinder the real-
isation of the complete in-plane seismic capacity of URM buildings. Among such
OOP failures, a distinction can bemade between (i) one-way bendingwhich occurs
in long walls and walls without side supports, and (ii) two-way bending which
occurs in walls that have at least one vertical and one horizontal edge supported.
This paper examines the suitability of a single-degree-of-freedommodel for mod-
elling the dynamic behaviour of URM walls subjected to OOP seismic excitation
and undergoing two-way bending. The model operates in two phases: (i) initial
elastic and (ii) post cracking, transitioning instantaneously between the phases
once the force required to crack the wall is surpassed. Post cracking, the wall is
treated as a system comprised of rigid blocks, and wall resistance is computed by
combining three distinct contributions. These contributions are (i) bilinear elastic
rigid block rocking, (ii) elastoplastic friction, and (iii) bilinear degrading compo-
nent taking into account strength and stiffness degradation of walls. The model’s
complete behaviour in both phases is described by six independent parameters,
which can be computed analytically. This paper explores the performance of the
proposed model, especially when compared with and calibrated against experi-
mental results from incremental dynamic testing of full-scale single leaf and cavity
walls, for which the model demonstrates excellent agreement.

Keywords: Unreinforced masonry · Out-of-plane · Hysteresis model ·
Single-degree-of-freedom system · Two-way-bending
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1 Introduction

In the field of earthquake engineering, the evolution of seismic risk analysis necessitates
the development of models that are not only computationally efficient but also possess
the ability to accurately predict structural collapse. The vulnerability of unreinforced
masonry (URM) structures under seismic action, particularly regarding the out-of-plane
(OOP) direction, is widely acknowledged. This has led to the formulation of various
analytical approaches targeting theOOP dynamics ofURMwalls [1–4]. These analytical
approaches assess the OOP behaviour of URM, assuming the walls act as collections of
either rigid or semi-rigid blocks, based on the premise that the walls are already cracked.
This assumption—thatwalls have pre-existing cracks—is deemed a reasonable approach
for one-way vertically spanning walls subjected to unidirectional vertical bending, since
their initial crack resistance is generally much lower than the forces needed to initiate
a kinematic action, largely due to the masonry’s poor tensile strength. However, for
two-way spanning walls, research by Graziotti et al. [5] and Sharma et al. [6], via
dynamic experiments on full-scale walls, suggests this assumption may be excessively
conservative. These walls displayed a pre-cracking resistance substantially above any
force that could induce a kinematic mechanism, arguing against their classification as
pre-cracked. Thus, this research examinates the suitability of a model considering the
uncracked state of two-way spanning URM walls for modelling their dynamic OOP
response. The model builds upon the work by Vaculik and Griffith [7], who developed
OOP load-displacement frameworks for two-way spanning URM walls but overlooked
their initial uncracked state. An overview of the experimental data used as a reference in
this research is initially outlined in Sect. 2. Following that, the methodology of the newly
developed model is detailed in Sect. 3, where guidelines for the analytical determination
of model parameters are also provided. Section 4 delves into the model’s calibration
process and its performance in relation to the experimental benchmarks.

2 Reference Experiments

The reference experiments adopted in this paper are two single leaf and one cavity full-
scale URM walls tested incrementally dynamically by Graziotti et al. [5]. These tests
were part of a larger experimental campaign that aimed to assess the vulnerability of
unreinforced buildings under the action of induced seismicity in Groningen, the Nether-
lands [8–10]. Both the single leaf walls have the same dimensions, i.e. a length of 4 m
and height of 2.75 m. They were also tested with the same boundary conditions, with
bottom and lateral edges restrained but the top edge kept free. Fully interlocking 1m long
return walls were constructed along the vertical edges. They were designed to be full
moment restraints, thereby functioning as if the restrained edges were completely fixed.
What characterizes and makes each single leaf wall unique is the adopted unitmortar
combination: 1) wall CS-000-RF was constructed in calcium silicate (CS) brick while 2)
wall CL-000-RF was constructed in clay brick (CL) masonry. When these two masonry
types are tested under pure horizontal bending, CS brick masonry exhibits vertical line
crack and can be therefore classified as a “Weak Unit-Strong Joint” URM typology; on
the opposite, saw-toothed stepped cracks develop in CLmasonry, being it then classified
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as a “Strong Unit-Weak Joint” typology. The cavity wall, CAV-000-RF consisted of a
leaf each in both CS and CLmasonry connected by metal ties (2 ties/m2) was also tested
in with three edges restrained but the top edge kept free. The CL leaf is the outer leaf
and consequently had a marginally longer length of 4.39 m while the inner CS leaf had
exactly the same dimensions as CS-000-RF.

None of the walls show any damage below accelerations up to 1g, indicating signif-
icant cracking strength. This large resistance needs to be accounted for while carrying
out seismic assessments. Additionally, the effect of the distinct URM material typolo-
gies (“Weak Unit-Strong Joint” or “Strong Unit-Weak Joint”) was clearly perceived in
the failure mechanisms of the walls under dynamic excitation. Due to the formation
of line cracks passing through bricks along the vertically restrained edges, CS-000-RF
eventually exhibited one-way bending behaviour. The cracks were vertical (as opposed
to stepped or saw-toothed), providing negligible frictional resistance (Fig. 1a). In the
case of CL-000-RF, two-way bending behaviour was observed following the formation
of the crack pattern required for the failure mechanism to develop, with significant fric-
tional resistance contributions from the stepped cracks (Fig. 1b). For CAV-000-RF, the
wall ties ensured a sufficient coupling of the horizontal displacement of the two leaves
(i.e. limiting the differential displacement and maintaining the gap) up to near collapse.
This was due to the axial stiffness and bond of the ties as well as the slenderness of the
two leaves. Damage pattern and failure mechanisms observed for the individual wall
leaves of CAV-000-RF were very similar to failure mechanisms observed individually
for CS-000-RF and CL-000-RF (Fig. 1c).

Fig. 1. Failure mechanisms of walls (a) CS-000-RF; (b) CL-000-RF and (c) CAV-000-RF
observed experimentally.
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3 The Proposed Model

The proposed model functions in two phases:1) initial elastic phase and 2) post crack-
ing phase. The initial elastic phase is completely defined by coordinates of the points
corresponding to the achievement of the peak strength: Fcr (peak strength) and ucr (the
displacement at which the peak strength is attained) (Fig. 2a). Once Fcr is exceeded,
the model immediately switches to the post-cracking phase, where the resistance of the
walls is modelled via the superposition of three contributing sources:

• A bilinear elastic component, which accounts for rocking (Fo, uo, uo,f ) (Fig. 2b);
• An elastoplastic component, which takes into account the torsional frictional

resistance (Ffr, ufr) that develops on the cracked masonry bed joints (Fig. 2c);
• A bilinear component which unloads with secant stiffness, which accounts for the

degradation of both the wall strength and stiffness under two-way bending excitation
(Fdeg, udeg, udeg,f ) (Fig. 2d).

Fig. 2. Schematic representation of the proposed model.

The behaviour of themodel is thus governed by a total of 10 input parameters namely:
Fcr, ucr, Fo, uo, uo,f, Ffr, ufr, Fdeg, udeg and udeg,f . However, this reduces to 6 input
parameters: Fcr, ucr, Fo, uo,f, Ffr, and udeg,f due to the assumption that the model shifts
instantaneously from the initial elastic phase to post cracking phase on the attainment of
Fcr. To ensure numerical continuity between these two phases, this assumption translates
to:

ucr = uo = ufr = udeg
Fdeg = Fcr − Fo − Ffr (1)

Physically, Eq. 1 is tantamount to letting the strength and stiffness degradation of
URM, rocking and friction along cracked joints start occurring once the strength of the
panel has been exceeded and a failure mechanism has been formed. This is not only
reasonable but was also experimentally observed in both the reference experimental
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campaign Graziotti et al. [5] as well as incremental dynamic testing reported in Sharma
et al. [6].

In order to estimate ucr (and consequently uo, ufr, udeg), it has been demonstrated in
Sharma et al.[6] that an analytical formulation based on the theory of plates can be used
to calculate the initial stiffness as well as cracking displacement of two-way spanning
URM walls under OOP loading. To calculate Fcr, Fo, uo and Ffr a failure mechanism
needs to be postulated for the wall a priori. This can be done based on the boundary
conditions and geometry of the wall as per the recommendations provided by Lawrence
and Marshall [11], which have been incorporated in the building codes of Australia [12]
and the Netherlands [13]. These recommendations, which are based on the virtual work
method, can be subsequently used to calculate also Fcr. The improved formulations
to calculate the moment capacity of cracks proposed by Willis [14], Vaculik [15] and
Sharma [16] are employed. For the remaining input parameters controlling the rocking
and frictional components in Fig. 2, the mechanics-based formulas developed in Vaculik
and Griffith [7] can be adopted.

4 Calibrated Numerical vs. Experimental Performance

The model was subjected to non-linear time-history analysis and calibrated with the
experimental tests conducted on the three full-scale walls, as detailed in Sect. 2. These
experiments entailed incremental dynamic testing, where a sequence of input motions
with gradually increasing intensity was administered to each wall. Typically, follow-
ing the observation of damage, the incremental testing would recommence at a lower
intensity level of the input motions previously applied. The complete series of tests are
documented in Graziotti et al. [5]. Given the extensive nature of the test sequences,
involving over 20 runs for each case, this paper will only discuss the simulation of spe-
cific test runs where damage was noted, alongside the tests that immediately preceded
and followed those instances.

Initiating the application of the suggested model involves transforming the walls
into single-degree-of-freedom (SDOF) systems, which are characterised by an effective
mass (Meff ) and displacement (Δeff ), which can be calculated with the guidelines set
forth by Vaculik and Griffith ([17]). Following this, the SDOF systems that represent the
walls underwent incremental dynamic analyses by solving the motion equation (Eq. 2).
For these analyses, the Newmark ‘linear acceleration’ integration method was employed
in its non-iterative version [18].

Meff · ü(t) + C(t) · u̇(t) + f (u̇(t)) = Meff · üg(t) (2)

Within Eq. 2, time is denoted by t, and the symbols u, u̇, ü represent the SDOF
system’s correspondingdisplacement, velocity, and acceleration, respectively, associated
with the wall. The function f (u, t) signifies the restoring force of the wall, which varies
depending on the model’s current phase (as illustrated in Fig. 2), while üg stands for the
ground acceleration, that is, the input motion being applied in this scenario. The damping
coefficient, C(t), was determined based on a constant damping ratio (ξ) ap-plied to the
initial circular frequency (ω1) of the SDOF system. At the onset, in the elastic phase, the
model assumes a damping ratio of 0.05. Following the onset of cracking, adjustments
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to ξ are made to ensure a calibration with experimental findings. The key parameters of
the recommended computational model were initially derived following the analytical
guidelines outlined in Sect. 3, subsequently fine-tuned to align the model’s numerical
outcomes with experimental observations in terms of:

• Force-displacement hysteresis (Fig. 3);
• Displacement time-histories in the simulated tests in the incremental dynamic testing

sequence (Figs. 4, 5 and 6).

The calibrated model’s performance is demonstrated through the comparision of
numerical and experimental force-displacement hysteresis. There is also a notable con-
gruence between the numerical and experimental displacement time histories, under-
scoring the model’s ability to predict collapse scenarios (as depicted in Figs. 4 and 5).
The parameters that were adopted to obtain this response are detailed in Table 1. An
important observation is that these parameters are set only at the commencement of
the test sequence. Following the occurrence of cracking, the stiffness of the component
undergoing degradation is dynamically revised, starting from its value at the conclusion
of the preceding test run.

Table 1. Calibrated controlling parameters of the proposed model.

Fcr ucr Fo uo,f Ffr Fdeg udeg,f ξ

[kN] [mm] [kN] [mm] [kN] [kN] [mm] [–]

CS-000-RF 24.8 5.5 0.91 102 0.3 28.95 30 0.0235

CL-000-RF 29.12 4.4 3.48 204 3.78 22.33 200 0.0205

CAV-000-RF 50 3.4 3.18 102 5.45 42.61 115 0.0244

Fig. 3. Comparison of numerical and experimental force-displacement hysteresis.

5 Concluding Remarks

This paper evaluate the adequacy of a single-degree-of-freedommodel for simulating the
out-of-plane (OOP) behaviour of unreinforcedmasonry (URM)walls subject to two-way
bending. The model operates in two phases: an initial elastic phase and a sub-sequent
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Fig. 4. Comparison of numerical and experimental displacement time histories for wall CS-000-
RF

post-cracking phase. It is governed by ten parameters,which are effectively reduced to six
independent parameters upon assuming an immediate phase transition. This transition is
triggered once the wall’s cracking resistance is exceeded. All model parameters can be
analytically determined. The model demonstrates excellent agreement with incremental
dynamic test outcomes, accurately depicting the progression from cracking to collapse
not only for single leaf walls, but also in the case of cavity walls.
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Fig. 5. Comparison of numerical and experimental displacement time histories for wall CL-000-
RF

A promising avenue for future research suggested by this study involves comparing
the seismic vulnerability ofURMwalls constructedwith “WeakUnit-Strong Joint” (WU-
SJ) masonry, characterised by vertical cracks traversing through the brick units and head
joints under pure horizontal bending, against walls made of “Strong Unit-Weak Joint”
(SU-WJ) masonry, where a stepped crack pattern is observed through head joints and
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Fig. 6. Comparison of numerical and experimental displacement time histories for wall CAV-
000-RF

half a bed joint under the same conditions. The model has simulated the dynamic out-
of-plane two-way bending seismic behaviour of URM walls built using both specified
masonry typologies, achieving good agreement with experimental findings. Similarly,
an analysis comparing the vulnerability of cavity walls to that of single leaf walls would
also be interesting.
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