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RESEARCH ARTICLE

Block-Based Simulation of the Out-of-Plane Seismic Response of Non-Framed 
Unreinforced Masonry Walls with Pre-Existing Settlement-Induced Damage
Amirhossein Ghezelbasha, Alfonso Prosperib, Satyadhrik Sharmac, Antonio Maria D’Altrid, Jan G. Rotsa, 
and Francesco Messali a

aFaculty of Civil Engineering and Geosciences, Delft University of Technology, Delft, The Netherlands; bDepartment of Building Materials & 
Structures, The Netherlands Organization for Applied Scientific Research (TNO), Delft, The Netherlands; cReliable Structures Section, The 
Netherlands Organization for Applied Scientific Research (TNO), Delft, The Netherland; dDepartment of Civil, Chemical, Environmental, and 
Materials Engineering, University of Bologna, Bologna, Italy

ABSTRACT
This paper presents a numerical investigation on the effects of settlement-induced pre-damage on 
the seismic out-of-plane (OOP) response of two-way spanning non-framed unreinforced masonry 
(URM) walls, investigating also the suitability of static analysis procedures for simulating the 
dynamic OOP response of pre-damaged walls. For this purpose, the finite-element block-based 
modeling approach developed and validated by the authors in previous works is employed. URM 
walls with various geometries and boundary conditions are simulated to investigate the effects of 
openings and wall-to-diaphragm connections on pre-damage effects. Each specimen is subjected 
to various settlement profiles, and different levels of obtained settlement-induced damage states 
are used as initial conditions for OOP analyses. Static and dynamic OOP simulations, the latter 
considering both induced and tectonic seismicity, and modal analyses are performed. The outputs 
show that settlement effects on the OOP response emerged as early as the light pre-damage state. 
Sagging, previously considered in literature less damaging than hogging, caused the greatest OOP 
stiffness and strength reduction, up to 92% and 80%, respectively. Hogging led to a 60% stiffness 
and 30% strength drop, particularly in walls with openings. Induced seismicity did not lead to 
collapse. Static analyses accurately estimated OOP strength and failure mechanisms.
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1. Introduction

URM is a composite material consisting of bricks, blocks, 
or stones connected together with mortar. URM is widely 
used in construction globally, forming a major part of 
both historical buildings and modern low-rise structures 
(Hendry 2001). In Netherlands, over 90% of residential 
buildings are made using brick URM (Billio et al. 2022). 
The popularity of URM stems from its ease of construc
tion, low costs, good acoustic and thermal insulation, and 
minimal maintenance requirements (Bojadjiev et al.  
2025). The high compressive strength of URM allows it 
to perform well under gravity loads, making URM walls 
suitable for vertical load-bearing in non-framed con
structions (Soundar Rajan and Jegatheeswaran 2023). 
However, URM buildings are known to perform poorly 
under lateral loads such as earthquakes, flooding, or 
impact, due to their low tensile and shear resistance 
(D’Ayala and Paganoni 2011; Moon et al. 2014; Oyarzo- 
Vera and Griffith 2009; Page 1991; Penna et al. 2014). 
These lateral forces may act in-plane (IP) or out-of-plane 

(OOP) of the walls, and URM buildings are particularly 
weak against the latter (Furtado et al. 2018; Pradhan et al.  
2021). OOP failure of URM walls in non-framed build
ings often leads to complete collapse (Dolatshahi and 
Aref 2016), highlighting the need for further research to 
improve understanding of OOP responses.

Some URM structures have not been designed with 
engineered resistance to seismic loads (Korany, Drysdale, 
and Chidiac 2001). Hence, their seismic vulnerability is 
even more poorly understood. In addition, URM buildings 
may have accumulated damage from past loadings, further 
increasing their vulnerability to new seismic loads. The 
building stock in the Groningen province in Netherlands 
presents a clear example. In this region, repeated earth
quakes induced by gas extraction, and the occurrence of 
subsidence processes, have damaged URM buildings for 
decades (van Staalduinen Pc, Terwel, and Rots 2018). 
Though low in magnitude, about 1700 events have 
occurred to date, raising seismic risks in an area not 
known for tectonic activity (Busscher and Vojvodić  
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2025). Around 28,000 residential URM buildings are 
affected by these conditions (van Staalduinen Pc, Terwel, 
and Rots 2018). The situation is worsened by two key 
issues: the high (height-to-thickness) slenderness of walls 
reducing their OOP strength and long-term ground set
tlement causing pre-existing structural damage (Prosperi  
2025). Ground settlement refers to the vertical displace
ment of the ground surface (Bucx et al. 2015), resulting 
from both natural phenomena and human-induced activ
ities such as construction, mining, excavation, and tunnel
ing (Peduto et al. 2022; Peduto, Ferlisi, et al. 2017; Saeidi, 
Deck, and Verdel 2009; Stouthamer et al. 2020). It poses 
a significant issue in regions prone to subsidence, particu
larly those underlain by soft soils (Koster, Stafleu, and 
Stouthamer 2018; Nieuwenhuis and Schokking 1997; van 
Asselen et al. 2018). When subsidence occurs unevenly, it 
leads to differential settlements, which can cause structural 
issues such as sinking, tilting, or cracking (Costa, Kok, and 
Korff 2020; Nicodemo, Peduto, and Ferlisi 2020; Peduto 
et al. 2016, 2019; Peduto, Nicodemo, et al. 2017). In the 
Netherlands, URM buildings, such as those in Groningen, 
are particularly vulnerable to settlement and vibrations 
due to the quasi-brittle nature of their construction mate
rials and the common use of shallow foundation systems 
(Prosperi 2025). In other words, buildings face seismic 
loads they are not designed to resist, while already wea
kened. Financial consequences are severe, with €10 billion 
already spent on repairs and another €12 billion expected 
for future reinforcements and homeowner compensation 
(Busscher and Vojvodić 2025). In addition, about 29% of 
the population in the region reports feeling unsafe in their 
homes (Boelhouwer and van der Heijden 2018), demon
strating the broad societal impact of the situation.

Extensive efforts have been made to reduce the risk of 
damage and collapse in URM building stock of Groningen 
(Maatschappelijke Effecten Inventarisatie van 
Aardbevingen in Noordoost Groningen 2016; Messali, 
Rots, and Walraven 2020). These efforts involve assessing 
buildings in their current condition and designing 
strengthening solutions to improve earthquake resilience. 
However, most current assessment techniques assume 
URM buildings are in pristine condition (Gentile et al.  
2022), which does not reflect the reality of the Groningen 
case. Research has moved in two main directions to tackle 
this limitation: one aims to measure the level of existing 
damage through visual crack evaluation, and the other 
explores how this damage affects seismic performance. 
The problem lies in the imbalance between these areas. 
While methods for quantifying damage have advanced 
(Korswagen 2024), little research has studied how such 
damage impacts seismic response. Only a few studies 
examine the effects of pre-damage on seismic response 
due to the complexities of physical testing (Beyer 2012; 

Bui et al. 2017; Dalgic et al. 2023; Giardina et al. 2012; 
Karanikoloudis, Serra, and Lourenço 2024; Meoni et al.  
2025; F. Portioli and Cascini 2017; Son and Cording 2005) 
and the unavailability of reliable numerical modeling tools 
(Korany, Drysdale, and Chidiac 2001). Moreover, only one 
study has preliminarily investigated the effects of settle
ment-induced pre-damage (Korswagen et al. 2024). 
However, this contribution studies the IP performance of 
pre-damaged specimens and not their more vulnerable 
OOP performance. This creates a significant gap in under
standing and preparedness.

The current study aims to contribute to the ongoing 
efforts to mitigate the risk of structural collapse in 
Groningen. This objective is pursued through 
a numerical investigation of the effects of settlement- 
induced pre-damage on the seismic OOP response of non- 
framed URM walls. For this purpose, the modeling 
approach developed by the authors in (D’Altri et al.  
2019) and extended in (Ghezelbash, D’Altri, et al. 2025; 
Ghezelbash, Sharma, et al. 2025) for the dynamic simula
tion of one- and two-way spanning URM walls under 
seismic loading is employed. The approach simulates 
URM unit-by-unit via nonlinear expanded blocks and 
cohesive frictional zero-thickness joints. It has been suc
cessfully used in previous studies for the prediction and 
assessment of complex OOP responses (Ghezelbash, 
Aşıkoğlu, et al. 2025; Ghezelbash, D’Altri, et al. 2026; 
Ghezelbash, Sharma, et al. 2025), yielding reliable out
comes consistent with real-world responses. It is favored 
over the conventionally used continuum-based (Burd et al.  
2000, 2022; Giardina et al. 2013; Korswagen et al. 2024; 
Longo et al. 2021; Netzel 2009; Peduto et al. 2022; Prosperi 
et al. 2023a, 2023b; Rots, Korswagen, and Longo 2021; Yiu, 
Burd, and Martin 2018) or macro-elements-based (Ferlisi 
et al. 2020; Nicodemo, Peduto, and Ferlisi 2019) 
approaches typically adopted to study settlement damage 
as it provides more detailed insights into both global and 
local responses (D’Altri et al. 2020). Furthermore, unlike 
other detailed block-based approaches currently employed 
in the literature to investigate settlement effects, it does not 
rely on simplifying assumptions such as simulating dry- 
joint specimens (Bui et al. 2017; Gagliardo et al. 2021; 
F. Portioli and Cascini 2017; F. P. A. Portioli et al. 2023) 
or modeling 2D façades (X. Chen et al. 2021; D’Altri et al.  
2025; Hong and Laefer 2008; Son and Cording 2005,  
2007), which neglect the contribution of adjacent walls to 
the OOP response of the specimen under study. 
Additionally, the modeling approach used in this study 
has already been validated against wall experiments with 
multi-step sequences of dynamic OOP loading 
(Ghezelbash, D’Altri, et al. 2025; Ghezelbash, Sharma, 
et al. 2025), demonstrating very good performance in 
capturing the effects of progressive damage in the subse
quent OOP responses up to collapse. Therefore, the 
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capability of the approach to capture the effect of pre- 
damage on OOP performance is already proven.

The study is presented as follows. Section 2 sum
marizes the key features of the modeling approach, 
including geometrical representation, material character
ization, numerical solution, and energy dissipation pro
cedures. In Section 3, the ability of the approach to model 
settlement-induced damage is validated through simulat
ing several wallet- to wall-level experiments. Afterwards, 
the setup of the parametric analysis conducted to inves
tigate the OOP performance of walls pre-damaged by 
settlement is outlined in Section 4, along with comments 
on the limitations of the study. In summary, several two- 
way-spanning walls with varying boundary conditions 
and opening configurations are considered. The speci
mens are subjected to different settlement profiles, and 
various damage states are identified during their 
response. These damage states are then used as initial 
conditions for subsequent OOP loading. OOP analyses 
are performed in both static and dynamic regimes to 
assess the suitability of the former as a simplified alter
native for studying seismic OOP response of pre- 
damaged walls. Two types of dynamic signals are consid
ered, one from an induced-seismicity event and one from 
a tectonic earthquake, to compare interaction effects 
under both hazards. The results of the parametric analysis 
are presented in Section 5 in terms of the different types 
of settlement-induced pre-damage patterns observed in 
each specimen and loading scenario, and their effect on 
OOP stiffness, static (pushover) OOP strength, and 
dynamic OOP collapse of the specimens. The main out
comes of the study are ultimately presented in Section 0 
with suggestions for future research.

2. Numerical modeling approach

This study uses the high-fidelity block-based numerical 
approach developed in (D’Altri et al. 2019) for modeling 
the quasi-static material- to building-level responses of 
URM, and extended to dynamic simulations in 
(Ghezelbash, D’Altri, et al. 2025). The approach falls within 
the category of simplified micro-scale modeling techni
ques, such as those developed in (D’Altri et al. 2018; 
Furiosi et al. 2025; Kesavan and Menon 2022; Macorini 
and Izzuddin 2011; Malomo, Pinho, and Penna 2020; 
Mohyeddin, Goldsworthy, and Gad 2013; Nie et al. 2023; 
Oktiovan, Davis, et al. 2024; Oktiovan, Messali, et al. 2024; 
Xie et al. 2021), and is well suited for the detailed investiga
tion of both local and global responses of URM structures 
under various actions, including seismic loading. As the 
approach has been extensively described in previous pub
lications of the authors (Ghezelbash, D’Altri, et al. 2025,  

2026; Ghezelbash, Messali, and Rots 2023a), only 
a summary of its key features is provided herein.

2.1. Geometrical representation

The approach employs expanded blocks to represent the 
masonry units and idealizes the mortar layers as zero- 
thickness horizontal (bed) and vertical (head) joints, as 
shown in Figure 1a. The expanded blocks are dimen
sioned to match the unit size plus one mortar thickness 
in both the length and height directions. Each block is 
discretized into a 4 × 2 × 2 (length × height×thickness) 
array of eight-node hexahedral finite elements. The 
zero-thickness joints are implemented using a node-to- 
surface contact algorithm (Weyler et al. 2012), where 
contact is established at discrete points by associating 
each point on one surface (shown as purple circles in the 
figure) with multiple points on the opposing surface 
(represented by pink surfaces in the figure). These con
tact points correspond to the external nodes of the 
meshed expanded blocks. The previous studies of the 
authors (Ghezelbash et al. 2024; Ghezelbash, Aşıkoğlu, 
et al. 2026; Ghezelbash, D’Altri, et al. 2025; Ghezelbash, 
Sharma, et al. 2025) have shown that the adopted dis
cretization of the expanded blocks, combined with three 
contact points across the thickness of the joints, is suffi
cient to simulate material- to wall-level responses rea
listically and accurately, while maintaining optimized 
computational demands.

2.2. Mechanical assumptions

The expanded blocks behave nonlinearly and can repre
sent the compressive failure of URM assemblies and the 
tensile cracking of URM units, as illustrated in Figure 1(b). 
Their nonlinear behavior is modeled using the isotropic 
constitutive model known as Concrete Damaged Plasticity 
(CDP) (Lubliner et al. 1989), which employs a Drucker- 
Prager type multi-yield surface (Lee and Fenves 1998) to 
identify the onset of nonlinearity. The compressive beha
vior of the expanded blocks includes an initial elastic 
phase, followed by a plateau, and then a linear softening 
branch. In tension, the behavior is defined by an elastic 
regime followed by linear softening. To prevent numerical 
instability during large nonlinearities and deformations, 
10% residual strength is maintained in the post-softening 
regime for both tension and compression. The cyclic beha
vior of the expanded blocks includes elastic unloading 
within the elastic regimes and the compressive plateau, 
and reduced-stiffness unloading during the softening 
phase, with the slope of unloading proportional to the 
loss of strength. The tensile and compressive behaviors 
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are coupled, such that softening in one leads to 
a proportional strength reduction in the other.

The zero-thickness joints behave nonlinearly in both 
tangential and normal directions, representing the shear 
and tensile failure of the mortar layer and the mortar- 
unit bond interface, respectively. Their nonlinear beha
vior evolves based on the relative displacement of the 
contact nodes and employs a finite-sliding formulation, 
enabling the simulation of large separations, sliding, and 
rotations of the surfaces (Hibbitt, Karlsson, and 
Sorensen 2011). In the tangential direction, the joints 
exhibit an isotropic cohesive-frictional shear behavior, 
as illustrated in Figure 1c. The cohesive component 
consists of an initial elastic branch followed by linear 
softening. The frictional component initiates at the 
onset of cohesive softening and includes an initial elastic 
slip phase followed by a regime of constant friction. The 
normal tensile behavior of the joints, shown in 
Figure 1d, is purely cohesive, characterized by an elastic 
regime followed by linear softening. In both shear and 
tensile responses, the softening progresses to a zero- 
strength state. The cohesive shear and tensile behaviors 

are coupled, such that softening in one causes propor
tional softening in the other. Under cyclic loading, the 
cohesive behaviors follow secant unloading, while the 
frictional behavior unloads elastically. The normal over
closure behavior is elastic, with a high stiffness to pre
vent significant interpenetration of the blocks. Finally, 
the joints are modeled as non-dilatant, with dilatancy 
effects considered in the behavior of the expanded 
blocks.

2.3. Solution procedure

The modeling approach employs an implicit-based sta
tic solution procedure for the simulation of gravity, 
vertical, and quasi-static loading (D’Altri et al. 2019). 
For dynamic analyses, it utilizes the Hilber-Hughes- 
Taylor-α (HHT-α) direct integration implicit solver 
(Hilber, Hughes, and Talor 1977), with minimal numer
ical damping. Both solvers operate with automatic step
ping, referred to as load increment stepping in the static 
solver and time-stepping in the dynamic solver. This 
automatic stepping enables efficient progression of the 
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Figure 1. Visual summary of the numerical modeling approach used in this study: geometrical representation of URM (a), compressive 
and tensile behavior of the expanded blocks (b), tangential shear response of the zero-thickness joints (c), and their normal tensile and 
overclosure responses (d). The shear response of the joints is drawn for a scenario where h� σi tan ϕ is larger than c, and elastic slip is 
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analyses: large increments are used when the specimen 
exhibits low nonlinearity, while smaller step sizes are 
adopted during highly nonlinear phases requiring 
a larger number of iterations. This adaptability mitigates 
the risk of numerical instability. To prevent overly large 
step sizes that cannot be sufficiently reduced during 
high nonlinearity, a maximum allowable step size 
(Δtmax) is imposed. In the dynamic solver, the Δtmax is 
set equal to the sampling rate of the input loading signal 
(Ghezelbash, D’Altri, et al. 2025), which avoids signifi
cant artificial damping (Δtmax/T < 10% as explained in 
Section 5.2) and ensures that data is collected with the 
same fidelity as in benchmark experiments. 
Additionally, both solvers are configured with 
a minimum allowed step size (equal to 10−11×Δtmax), 
a maximum number of iterations per step (10,000 
times), and a maximum number of re-stepping attempts 
(15 times) in the event of non-convergence with the 
current step size. These parameters are calibrated to 
ensure that large nonlinearities are robustly handled 
without stability issues (through minimum step size 
and iteration limits), while also enabling the correct 
capture of physical instability in the simulated specimen 
(via the maximum re-stepping criterion), allowing the 
analyses to halt appropriately without generating purely 
numerical responses.

2.4. Dynamic energy dissipation

The dissipation of kinetic energy during dynamic simula
tions is governed by Rayleigh damping, introduced in the 
expanded blocks (Itasca 2020). The implicit-based HHT- 
α procedure enables the inclusion of both mass- and 
stiffness-proportional components of damping without 
negatively impacting simulation duration or computa
tional demands as may occur with explicit-based solvers. 
The parameters governing Rayleigh damping (αR for the 
mass-proportional term and βR for the stiffness- 
proportional term) are calibrated based on the modal 
characteristics of the specimen under study and a target 
damping ratio (ζR). A value of ζR = 5% is adopted in this 
study, consistent with previous works of the authors, 
where it has been shown to appropriately simulate the 
dynamic OOP response of one- and two-way spanning 
walls, as well as more geometrically complex gables 
(Ghezelbash, D’Altri, et al. 2025, 2026; Ghezelbash, 
Messali, and Rots 2023a). However, a limitation of the 
current damping methodology must be acknowledged. 
The damping parameters are calibrated at the beginning 
of the dynamic analyses and remain constant throughout 
the simulation. As a result, while the stiffness of the 
specimen may change due to the accumulation of 

damage, the Rayleigh damping continues to operate 
over the original frequency range to which it was cali
brated. This may lead to over-damping of the damaged 
response, as previously noted in (Ghezelbash, Messali, 
and Rots 2023a). Nonetheless, this simplification is not 
expected to affect the outcomes of the present study for 
two main reasons. First, the study does not aim to capture 
the full progression of dynamic collapse; rather, it focuses 
solely on the onset of collapse. That is, the hysteretic 
response of specimens during collapse is not of interest 
here. Second, unlike prior applications of this modeling 
approach (Ghezelbash, D’Altri, et al. 2025, 2026; 
Ghezelbash, Messali, and Rots 2023a), the current study 
employs a simplified dynamic loading procedure invol
ving simulations with a single run of dynamic motion. 
Since damage accumulation across multiple runs is not 
considered, the influence of the damping limitation is less 
severe. It should be noted that the aforementioned limita
tion is not unique to the use of Rayleigh damping and can 
also apply to other damping formulations.

3. Validation of the modeling approach: 
simulation of quasi-static settlement 
experiments

The modeling approach has already been extensively 
validated against dynamic OOP experiments of URM 
walls in (Ghezelbash, D’Altri, et al. 2025, 2026; 
Ghezelbash, Messali, and Rots 2023a), a repetition of 
similar validation is avoided here. Instead, the approach 
is validated in this section against settlement experiments 
to assess its suitability for the parametric analysis con
ducted in this study. The objective is to confirm that the 
approach can accurately reproduce the range of crack 
patterns and propagation paths expected under settle
ment loading. For this purpose, the experiments reported 
in (Bui et al. 2017; Gagliardo et al. 2021; F. Portioli and 
Cascini 2017) on URM walls and wallets subjected to base 
displacement are used as benchmarks, with the corre
sponding simulation results shown in Figure 2. These 
experiments, conducted on dry-joint specimens, are 
selected for three key reasons. First, experimental data 
on regular walls with mortar layers are scarce (Wang et al.  
2021), and the available studies predominantly involve 
large façades or full buildings (Dalgic et al. 2023; Franza 
et al. 2022; Giardina et al. 2020), where accurate repro
duction of boundary conditions introduces complexities 
that fall beyond the scope of this validation. Second, as 
dry-joint specimens, the simulation of the selected tests is 
more straightforward and less sensitive to material prop
erty uncertainties (Napolitano and Glisic 2019). Third, 
the specimens exhibit large crack openings and unit 
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degradation; if these features are accurately captured in 
the simulations, they provide strong evidence of the abil
ity of the modeling approach to track such responses 
without numerical instability.

In the simulations, the same boundary conditions, 
loading procedures, and geometrical configurations 
used in the original experiments are adopted. In addi
tion, the unit density and the friction coefficient in the 
joints are taken directly from the reference publications 
(Bui et al. 2017; Gagliardo et al. 2021; F. Portioli and 
Cascini 2017), with the latter assigned to both bed and 
head joints. The remaining material input parameters 
are not calibrated, as cohesive response is neglected in 
the joints, and preliminary analyses have shown that the 
elasticity of the blocks does not influence crack propa
gation. Accordingly, the elastic modulus reported in 
(Bui et al. 2017) for the wall specimen (Figure 2(c)) is 
used for the blocks, as well as for the lintel (Figure 2(a)) 
and base components, across all simulations. The ana
lyses are carried out under self-weight only (applied as 
gravity with g = 9.81 m/s2), with base displacements or 
rotations applied and increased monotonically. The sta
tic solver introduced in Section 2.3 is employed for these 
simulations.

The deformation patterns and cracking of the 
numerical specimens are compared against the experi
mental benchmarks, along with loading magnitudes 
leading to or initiating collapse. The numerical simula
tions accurately replicate the experimental cracking and 
deformations across all specimens. Notably, the large 

block deformations and crack openings demonstrate 
the high stability of the modeling approach, even with 
the use of an implicit-based solver, achieved through the 
solver settings discussed in Section 2.3. Furthermore, 
the simulations capture complete detachment of blocks 
in both wall and wallet specimens, enabled by the use of 
contact-based joints. Finally, the numerically estimated 
deformation capacity of the specimens aligns very well 
with the experimentally recorded ones. In summary, 
these results confirm the capability of the numerical 
modeling approach to simulate settlement-induced 
damage, as well as to reproduce the correct crack pro
gression in specimens with varying geometries.

4. Parametric analysis on OOP response of 
walls with settlement pre-damage

A visual summary of the parametric analysis conducted 
here to investigate the seismic OOP response of URM 
walls under settlement-induced pre-damage is pre
sented in Figure 3. The study involves selecting various 
wall geometries, subjecting each to different settlement 
scenarios, and applying static or dynamic OOP loading 
at different pre-damage states. The subsequent sections 
describe each component of this procedure in more 
detail. Since the objective is to contribute to the assess
ment of the residential URM building stock in the 
Groningen province of Netherlands, which is currently 
exposed to induced seismic hazard (KNMI 2025), most 

(d) Flanged Wall(c) Wall(b) Flanged Wallet(a) Wallet
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tanϕ = 0.72
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Collapse at 104 mm displacement 

Quantitative data are not recorded Collapse onset at 20º rotation
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Figure 2. Validation of the modeling approach against settlement experiments on walls and wallets taken from (F. Portioli and Cascini  
2017) (a) (Gagliardo et al. 2021), (b) (Bui et al. 2017), (c), and (Bui et al. 2017) (d). A small elastic slip of 0.001 mm and a large joint 
overclosure stiffness (kno) of 221 N/mm3 are considered in all simulations.
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of the decisions made at each stage of the study are 
informed by the geometrical, material, and loading 
characteristics typical of these buildings.

Based on the categorization proposed in 
(Ghezelbash, Rots, and Messali 2025), the interaction 
scenario investigated in this study (namely, the effects of 
settlement-induced pre-damage on the seismic OOP 
response) can be classified as a direct IP/OOP interac
tion scenario under sequential loading, or “SQ (IP, 
OOP)” for short. The following reasons support this 
categorization.

● Although settlement may cause both IP and OOP 
wall deformations, the majority of the 

deformations it triggers are IP. Hence, it is consid
ered here an IP action.

● The interaction is driven by pre-damage, indicat
ing a “sequential” (SQ) loading scenario. One 
might argue that, since the settlement-induced 
deformations are not removed prior to the applica
tion of OOP loading, the scenario could also fall 
under the combined (CB) category. However, the 
CB loading scenario refers to situations where 
pre‑applied actions leave residual stresses that pre
vent a zero‑stress state, whereas long‑term settle
ment produces cracking that releases these stresses, 
so the structure is effectively stress‑free at the onset 
of OOP loading.

Figure 3. Overview of the parametric analysis procedure. In the pre-damaged performance states, Ψ is the damage parameter 
proposed in (Korswagen 2024).
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● As the OOP response of the walls is directly influ
enced by their prior IP response, a “direct IP/OOP 
interaction” is indeed taking place.

4.1. Specimen geometries and mechanical 
properties

The four geometries shown in Figure 4 are used in the 
parametric analysis, representing walls typical of the resi
dential URM building stock in the Groningen province of 
Netherlands (Tomassetti et al. 2019). All specimens are 
single-leaf, two-way-spanning walls, connected at their 
lateral edges to perpendicular elements, referred to as 
flanges, and at the bottom to a base that follows the planar 
geometry of the wall. They are assumed to be located on 
the ground floor of a building. This assumption is used 
because of the lack of an effective method for simulating 
settlement effects at upper levels (Prosperi et al. 2023,  
2023a, 2023b). The assumption may limit the applicability 
of the outcomes of this study, since upper‑floor walls are 
typically more vulnerable to OOP loading (Tomassetti 
et al. 2019) and thus require greater attention. However, 
it is deemed acceptable here since the current study is the 
first attempt to study seismic behavior of walls under 
settlement-induced pre-damage. Future research is 
required to investigate the OOP response of full façades 
or methodologies for applying pre-damage to upper-floor 
walls.

For brevity, each specimen is referred to using an 
‘iSX’ naming convention, where ‘i’ indicates the num
ber of supported edges (i.e., 4 or 3), and ‘X’ indicates 
the presence of openings (‘O’ for opening walls, ‘S’ for 
solid walls). Two specimens, referred to as 4SS and 
4SO, are connected at the top to a beam simulating 
the diaphragm of an upper floor in a two-story build
ing. The other two specimens, 3SS and 3SO, have 
a free top edge, representing walls that do not support 
upper floors. Among these, 4SS and 3SS are solid walls 
(no openings), while 4SO and 3SO feature an 

eccentric window opening with a top lintel. The speci
mens are constructed using the numerical modeling 
approach adopted in this study, outlined in Section 2, 
with expanded blocks measuring 222 × 81 × 102 mm3 

(length × height × thickness) in a running bond con
figuration. The main wall dimensions are 3978 ×  
2754 × 102 mm3, with 1096 mm-long flanges match
ing the height and thickness of the wall. In specimens 
3SO and 4SO, the window measures 1776 × 1620 mm2 

(length × height), covering 26% of the main wall sur
face. The large pier in these specimens is 1545 mm 
long, and the spandrel beneath the opening is 567 mm 
high. The lintel spans the top of the opening, is two 
blocks high, and extends half a block length beyond 
each side of the opening. The geometry and opening 
configuration of these specimens are based on the 
walls tested under shake table loading in (Graziotti 
et al. 2019) and simulated by the authors in 
(Ghezelbash, Sharma, et al. 2025).

The mechanical behavior of the expanded blocks and 
zero-thickness joints, represented by the parameters 
shown in Figure 1, is defined using the input values 
listed in Table 1. These parameters are calibrated against 
material-level experiments (Messali et al. 2020) con
ducted on URM units and assemblies used in Dutch 
residential construction in the Groningen region 
(Jafari, Esposito, and Rots 2019), specifically Calcium 
Silicate solid bricks and general-purpose cement-based 
mortar. The calibration procedure involves simulating 
the material experiments to extract the required input 
parameters (D’Altri et al. 2019). Wallet compression 
and unit three-point bending tests are used to calibrate 
the elastic, compressive, and tensile responses of the 
expanded blocks. The former is also used to calibrate 
the overclosure stiffness of the joints. Triplet shear and 
wallet four-point bending tests (parallel to the bed 
joints) are employed to calibrate the shear and tensile 
responses of the joints. The density and Poisson’s ratio 
(νm) of the blocks are taken as the average of 

(d) 3SO(c) 3SS(b) 4SO(a) 4SS

567 mm

1096 mm

Free TopLintel 
(Elastic)

Top Beam 
(Elastic)

Base
(Elastic)

Figure 4. Geometry of the specimens modelled in the parametric analysis.
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experimentally recorded values (Jafari and Esposito  
2016; Messali et al. 2020). Finally, the Concrete 
Damaged Plasticity (CDP) model parameters follow 
typical values used for quasi-brittle materials such as 
URM (Lubliner et al. 1989; Milani, Valente, and 
Alessandri 2018; Scacco et al. 2020), with an eccentricity 
(ε) of 0.1, a biaxial-to-uniaxial initial compressive 
strength ratio (fb0=f c0) of 1.16, and a tensile-to- 
compressive meridian ratio (ρ) of 2/3. The dilatancy 
angle (ψ) is set to 10°, based on prior experimental 
and numerical studies (Castellazzi et al. 2017; 
Mirmiran and Shahawy 1997). This calibration 
approach has been shown in (D’Altri et al. 2019; 
Ghezelbash, Sharma, et al. 2025) to result in accurate 
simulations of wall- and building-level response without 
requiring further micro-adjustment of the input para
meters. Therefore, further demonstration of the validity 
of the modeling approach for simulating wall-level OOP 
responses, previously shown in (D’Altri et al. 2019; 
Ghezelbash, D’Altri, et al. 2025; Ghezelbash, Messali, 
and Rots 2023b; Ghezelbash, Sharma, et al. 2025), is 
omitted here for brevity. It should be noted that the 
lintel (4SO/3SO), the base (all specimens), and the top 
beam (4SS/4SO) are modeled as elastic elements with 
the same material properties as the expanded blocks. 
Their finite element discretization follows the same 
mesh resolution as the expanded blocks to ensure con
formity at the contact interfaces. The head and bed 
joints are assigned identical material properties, assum
ing uniform construction quality. Similarly, the joints 
connecting the lintel, base, and top beam to the blocks 
are assigned the same properties as the head and bed 
joints for simplicity, following previous studies of the 
authors (D’Altri et al. 2019; Ghezelbash, D’Altri, et al.  
2025). Finally, modal analysis is performed on each 
pristine specimen to identify the natural frequencies of 
their deformation modes for Rayleigh damping 
calibration.

4.2. Settlement loading procedure

The boundary conditions used for the application of 
settlement are illustrated in Figure 5(a). The main walls 
are positioned in the x-y plane, with the flanges extend
ing in the positive z-direction. The boundary condition 
idealization procedure with reference points, pre
viously used in the simulation of two-way spanning 
walls in (Ghezelbash, Sharma, et al. 2025), is adopted 
here. It allows straightforward switching between set
tlement and OOP loading conditions, the latter shown 
in Figure 5(b). Accordingly, at the top of each flange, 
excluding the block at the wall-flange intersection, 
a kinematic coupling is established between the flange 
surface and a reference point located at its geometric 
center. The coupling assumes the surfaces to behave as 
a rigid region that deforms according to the degrees of 
freedom (DoFs) of its corresponding reference point. 
A similar kinematic coupling is applied at the back of 
each flange, extending from the bottom up to three 
block rows below its top. In the 4SS and 4SO speci
mens, the top beam is also kinematically coupled to 
a reference point located at its mid-thickness, mid- 
length position, and aligned with the top edge of the 
topmost block row. To enable settlement application, 
the bottom boundary conditions are applied directly to 
the base, without the use of a reference point. It should 
be noted that, while the couplings considered at the top 
of the main walls and flanges are not expected to 
compromise the representation of realistic boundary 
conditions, as they mimic walls connected to rigid 
diaphragms, the couplings at the back ends of the 
flanges may introduce over-constraint. Specifically, in 
real buildings, perpendicular walls are longer than the 
flanges considered in this study, which allows them to 
develop cracks and exhibit OOP deformation during 
the IP deformation of the main wall, such as under 
settlement. Nevertheless, the current setup is main
tained to simplify the application of boundary 

Table 1. Mechanical characterization input parameters for the parametric analysis.
Expanded Blocks

Elastic Behavior CDP Parameters Compressive Behavior Tensile Behavior

Em MPa½ � 4800 ψ �½ � 10 f
0

m MPa½ � 6.35 fbt MPa½ � 1.83
νm �½ � 0.16 �½ � 0.1 εmp �½ � 0.004 εbtk �½ � 0.004
Density kg=m3½ � 1708 fb0=fc0 �½ � 1.16 εmk �½ � 0.016

ρ �½ � 2/3

Zero-Thickness Joints

Overclosure Behavior Tensile Cohesive Behavior Shear Cohesive Behavior Shear Frictional Behavior

kno N=mm3½ � 221 knt N=mm3½ � 221 ks N=mm3½ � 87 tanϕ �½ � 0.57
ft MPa½ � 0.096 c MPa½ � 0.11 δe mm½ � 0.001
uk mm½ � 0.3 δk mm½ � 0.3
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conditions, keep the simulations consistent with the 
experiments the modeling approach is calibrated 
against, and to represent an extreme scenario of the 
structural responses, as further explained at the end of 
this section.

Prior to the application of settlement, gravity, and 
vertical overburden loads are applied using the static 
solution procedure. The vertical overburden is applied 
to the top of the flanges and the main wall. For the 4SS 
and 4SO specimens, an overburden of 0.25 MPa is 
applied to the top of both flanges and the top of the 
top beam, representing the typical load from a bi- 
directional floor diaphragm in a two-story URM build
ing in Netherlands (Messali et al. 2020). For the 3SS and 
3SO specimens, the same 0.25 MPa value is applied to 
the flanges, but a lower overburden (0.05 MPa) is 
applied to the main wall, consistent with conditions 
where unidirectional floor diaphragms are supported 
only by the flanges (Messali et al. 2020). To simulate 
the weight of structural components (e.g., walls) resting 
above the panels (Graziotti et al. 2019), the pre- 
compression in the 3SS and 3SO walls is not reduced 
to zero. During the application of vertical loading, the 
base is fully fixed, while all reference points are free to 
displace in all their DoFs. In the 4SS and 4SO specimens, 
the main wall pre-compression is applied at the top of 
the top beam, whereas in the 3SS and 3SO specimens, it 
is applied directly to the top of the main wall. It should 
be noted that the pre-compression remains constant 
throughout the subsequent settlement and OOP loading 
phases. As a consequence, the parametric analysis does 

not explore the influence of pre-compression on settle
ment-induced damage effects.

Settlement loading is applied using the static solution 
procedure. The displacements are imposed on the base 
parts, rather than directly on the bottom row of blocks, 
to avoid overexciting the walls and to allow them to 
respond naturally to the imposed settlement. Soil–struc
ture interaction is not explicitly modeled (Longo et al.  
2021), and the applied settlement at the base is conser
vatively assumed to be equal to the vertical displacement 
recorded in the underlying soil, deliberately neglecting 
the horizontal displacements, which may be more rele
vant for cases of tunnelling, mining, or excavation 
works rather than natural subsidence (Boscardin and 
Cording 1989; Prosperi, Korswagen, et al. 2025). The 
five settlement profiles used in this study are shown in 
Figure 5. These are two-dimensional vertical displace
ment profiles applied along the y-axis (vertical direc
tion), with varying magnitudes along the x-axis (the 
length of the wall). The portions of the base beneath 
the flanges are displaced in accordance with the corre
sponding ends of the main wall panel, neglecting any 
variation of settlement along the z-axis (flange direc
tion). This neglect of settlement variations in the 
z-direction (studied in (Zhao and DeJong 2023)) is 
justified by the relatively short lengths of the flanges.

The settlement profiles used in the study include one 
symmetric hogging profile (Figure 6(a)), two asym
metric hogging and sagging (Figure 6(b)) profiles, and 
two reversed variations of the asymmetric profiles 
(Figure 6(c)). The symmetric hogging profile causes 

Figure 5. Boundary conditions used for settlement and OOP loading in the parametric analysis. The 4SO wall is shown as it represents 
the most complex geometry used in this study.
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equal vertical base deformation at both ends of the walls, 
whereas the asymmetric profiles produce vertical base 
deformation at only one wall end, while the other end 
remains at zero settlement. The reversed asymmetric 
profiles, in which the wall end kept at zero settlement 
is opposite to that in the regular asymmetric profiles, are 
applied only to the 4SO and 3SO specimens to investi
gate the influence of opening eccentricity on the wall 
response to settlement. These profiles are generated 
following the methodology proposed by (Peck 1969), 
using the Gaussian normal distribution curve, as also 
adopted in (Korswagen et al. 2024; Prosperi, Longo, 
et al. 2025) and illustrated in Figure 6d. Although ori
ginally developed to simulate ground deformations due 
to tunneling, this approach has been shown to be applic
able to other forms of subsidence, such as gas extraction, 
which is particularly relevant to the Groningen province 
in Netherlands (KNMI 2025; Prosperi 2025). The settle
ment is applied monotonically, increasing up to 
a maximum angular distortion, defined in (Burland 
and Wroth 1975), of β = 50‰ (1/20 rad), until collapse 
occurs. The final value of β ensures that the applied 

settlement is sufficiently large to activate all possible 
crack paths within the specimens. Collapse during set
tlement is identified as the inability of the specimen to 
maintain static equilibrium, i.e., through the falling of 
blocks or larger sections.

During symmetric settlement, the flange reference 
points are free to translate in the x-direction, uplift (in 
y-direction), and rotate about the z-axis. In contrast, 
during asymmetric settlement, all DoFs at the top and 
back reference points of the flange located at the zero- 
rotation end of the profile are constrained, except for 
vertical uplift. For example, in the asymmetric hogging 
and sagging cases (Figure 5b), the right and left flanges, 
respectively, are constrained. This setup does not fully 
conform to the actual boundary conditions of walls in 
real buildings, in which both ends of the walls can 
deform freely under settlement. Although a more realis
tic configuration would have involved increasing the 
flange length to allow greater flexibility at the wall 
ends and damage propagation into the flanges, this 
option was not pursued for two reasons. First, it would 
have required modifying the wall geometries for which 

Figure 6. Vertical displacement profiles applied at the base of the walls for settlement loading: symmetric (a), asymmetric (b), and 
reversed asymmetric (c) displacement profiles scaled to angular distortion of 50‰, and their calculation from the Gaussian bell curve (d).
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the modeling approach had already been calibrated, 
thereby necessitating additional calibration steps. 
Second, the current setup is intentionally adopted to 
suppress rigid-body motion and enforce cracking at 
the wall-flange connections, thus representing an 
extreme damage scenario. Third, the inclusion of 
flanges in this study is intended to avoid the need to 
impose two-way bending OOP boundary conditions 
through the direct restraint of the wall side edges, rather 
than to replicate flange–wall interactions. Future studies 
should pursue more methodological approaches for the 
selection of flange geometries and constraints.

4.3. Pre-damage states: initial conditions for OOP 
loading

Several performance states, referred to here as pre- 
damage states, are identified for each specimen and 
used as initial conditions for subsequent OOP loading. 
These pre-damage states are defined based on the EMS- 
98 criteria (Grünthal 1998), as summarized in Table 2. 
They are labeled as “DSi,” where “i” ranges from 0 to 4, 
with DS0 indicating pristine conditions and higher 
values representing increasing levels of pre-damage. 
The pre-damage states are identified using both quali
tative and quantitative indicators. DS1 (light pre- 
damage) corresponds to the appearance of the first 
visible cracks, with representative crack widths (Cw) 
up to 5 mm. DS2 (moderate pre-damage) is associated 
with more widespread cracking, with widths reaching 
up to 15 mm. DS3 (severe pre-damage) is defined by the 
formation of a complete crack pattern across the speci
men, with crack widths up to 25 mm. DS4 (very severe 
pre-damage or near-collapse) involves significant struc
tural deformation and wider cracks. In this study, DS4 is 
excluded from the subsequent OOP analyses to main
tain the practicality of the investigation: buildings 
reaching DS4 are typically considered unsafe and 
require repair, reconstruction, or demolition 

(Boscardin and Cording 1989; Burland, Broms, and De 
Mello 1977; Giardina 2013). 

While each damage state is traditionally identified 
using the crack-based criteria described above, this 
study adopts the scalar damage parameter (Ψ) pro
posed in (Korswagen 2024). In real-world structures, 
severe damage may occur through the formation of 
numerous long but narrow cracks, or conversely, 
through fewer cracks with large widths but limited 
lengths. These conditions can, respectively, lead to an 
underestimation or an overestimation of damage 
severity when relying solely on traditional, width- 
based criteria (Z. Q. Chen and Hutchinson 2010). 
The Ψ parameter offers a more objective alternative 
by accounting not only for crack widths, but also for 
their lengths and frequency, thereby providing a more 
realistic assessment of damage severity (Korswagen  
2024). Equation 1 is used to calculate Ψ based on the 
number of cracks (n), their lengths (CL;i in mm), and 
widths (Cw;i in mm). The Cw;i combines both shear 
and normal components of the crack. Each crack is 
assigned a numerical “i” identifier. 

The ranges of Ψ recommended in (Prosperi 2025) 
and listed in Table 2 are used to identify the different 
pre-damage states. During settlement application, the 
evolution of cracks is monitored at every 0.625‰ (1/ 
1600) increment of angular distortion. The point in the 
loading history at which the calculated Ψ value falls 
within the expected range of a given pre-damage state 
is selected and used as the initial condition for the 
corresponding OOP analysis. Modal analysis is also 
performed on the specimens at different pre-damage 
states prior to the application of OOP loading, to iden
tify the effects of settlement on the fundamental fre
quencies and natural deformation modes.

Table 2. Criteria adopted for the identification of settlement-induced damage states.
Classification

Cw (Boscardin and Cording 1989; Burland, Broms, and De Mello  
1977)

Ψ (Prosperi  
2025)State Damage Class Description Repair (Grünthal 1998)

DS0 No Damage – – – –
DS1 Lighta First Visible Cracks Easy 1–5 mm 2.5–3.5
DS2 Moderate Many Visible 

Cracks
Medium 5–15 mm 3.5–4.5

DS3 Severeb Full Crack Patterns Extensive 15–25 mm 4.5–5.5
DS4 Near Collapsec Large  

Deformations
Rebuild >25 mm >5.5

aAlso known as Slight or Negligible. 
bAlso known as Heavy. 
cAlso known as Very Severe or Very Heavy. This state is not considered in the current study.
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4.4. OOP analysis procedure

After settlement, a relaxation period is introduced via 
a static analysis step. The specimens are then subjected 
to different types of OOP analyses, two static pushover 
and two dynamic shaking scenarios, as illustrated in 
Figure 5b1,b2, respectively. The static analyses are con
ducted as simplified simulations, commonly used in 
high-fidelity modeling in both research and practice 
(Patel and Dubey 2022, 2023; Sharma et al. 2021), pri
marily due to the high computational demands of unit- 
by-unit dynamic simulations. The goal of the static 
analyses in this study is to assess their ability to capture 
the effects of settlement-induced pre-damage and to 
evaluate whether they can serve as practical alternatives 
to dynamic analyses. The static simulations (relaxation 
and pushover) are performed using the static solver 
introduced in Section 2.3. They involve the application 
of a uniformly distributed pressure to the surface of the 
main wall, which is monotonically increased until col
lapse (defined by large deformations and physical 
detachment of portions of the wall) is reached. In one 
set of analyses, the pressure is applied to the back sur
face of the main wall, pushing it in the negative z-direc
tion, away from the flanges. In the second set, referred 
to as “reversed pushover” hereafter, pressure is applied 
to the front surface, pushing in the positive z-direction, 
toward the flanges. Due to the geometric asymmetry of 
the specimens with respect to the OOP loading direction 
(with flanges located only on one side), both loading 

directions are necessary to investigate the pre-damage 
effects on lower- and upper-bound OOP strengths, 
respectively.

During the pushover simulations, the base of each 
wall is fully fixed at its final position corresponding to 
the specific pre-damage state (Figure 5b1). The refer
ence points of the flanges and the top beam are also 
fixed at their final positions but vertical uplift and rota
tion about the x-axis are permitted. These boundary 
conditions closely replicate those used in dynamic 
experiments and follow the setup adopted in (Graziotti 
et al. 2019) and the corresponding numerical simula
tions by the authors in (Ghezelbash, Messali, and Rots  
2023a). The free rotation of the top beam in the 4SS and 
4SO specimens conservatively simulates the response of 
flexible floor diaphragms, since more constrained dia
phragm configurations are expected to yield higher 
OOP strengths (Ghezelbash, Sharma, et al. 2025). 
Finally, pressure is always applied perpendicularly to 
the wall surface. As a result, when walls undergo large 
OOP deformation, the direction of the pressure dyna
mically adjusts to remain perpendicular, a simplifying 
assumption intended to streamline the analysis, while 
disregarding the fixed-direction nature of seismic loads.

Two sets of dynamic analyses are performed using 
the HHT-α solver introduced in Section 2.3, each 
employing a different loading signal, as shown in 
Figure 7. The first set uses a signal representing the 
induced seismicity hazard in the Groningen province 

Loading
Direction

Figure 7. Dynamic motions used for the dynamic simulations of the parametric analysis: acceleration time histories (a), their resultant 
displacements (b), and 5%-damped acceleration (c) and displacement spectra (d) of the induced-seismicity (Miglietta et al. 2021) (1) 
and tectonic-seismicity (Ancheta et al. 2014) (2) signals.
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of Netherlands. This signal, referred to as EQ-NPR, is 
adapted from the shake table test of a full-scale building 
reported in (Miglietta et al. 2021). The second set uses 
a tectonic seismicity signal extracted from the NGA- 
West2 database (record number 811) (Ancheta et al.  
2014), recorded during the 1989 Loma Prieta earth
quake in Central California, USA (2019). Both signals 
are characterized by high peak motion accelerations 
(PMAs) of approximately 0.3 g. However, the tectonic 
signal contains multiple acceleration peaks (Figure 7a2) 
and exhibits a longer significant duration (Figure 7b2). In 
addition, it demonstrates much larger spectral accelera
tions (Figure 7c). Given the force-controlled nature of the 
two-way OOP response simulated in this study, such 
differences are expected to influence the dynamic 
response of the specimens. In fact, the selection of signals 
with differing seismic hazard sources is intended to 
explore these effects. The accelerograms are used in 
their raw form, having already been post-processed in 
the original references. The signals are applied in the 
positive z-direction to the entire base of the specimens, 
as well as to the reference points of the flanges and top 
beam (Figure 5b2). The other DoFs at the base are fully 
fixed at their final positions reached at the end of the 
settlement phase. Similarly, the flange and top beam 
reference points are only allowed vertical uplift and rota
tion about the x-axis. The direction of dynamic loading is 
specifically selected to align the direction of PMA in both 
signals with the weak OOP direction of the specimens 
(away from the flanges). Based on the sampling interval 
of the loading signals, a Δtmax = 0.0025 s is used for both 
induced and tectonic dynamic analyses.

Dynamic simulations are conducted using an 
Incremental Dynamic Analysis (IDA) approach, following 
the procedure illustrated in Figure 3. For each specimen, 
starting from a pre-damage state caused by a given settle
ment profile, the dynamic analysis begins with the loading 
signal scaled to a PMA of 0.75 g. Based on the simulation 
outcome, the subsequent steps proceed as follows:

● If the specimen collapses, a new analysis is performed 
on the pristine specimen using a lower PMA. This 
process is repeated until a simulation is found in 
which the specimen does not collapse. In this case, 
the lowest loading intensity that leads to collapse is 
identified as the collapse PMA of the specimen.

● If the specimen does not collapse, the PMA is 
increased, and the simulation is repeated on the 
specimen, restarting from the conditions corre
sponding to the considered damage state. The pro
cess is repeated until collapse occurs. The lowest 
intensity at which collapse first occurs is then taken 
as the collapse PMA of the specimen.

The increase or reduction in loading intensity follows 
a predefined list of PMAs, as shown in Figure 3. For 
simulations using the induced seismicity signal, this list 
is limited to a maximum PMA of 0.75 g to maintain 
practical relevance: in real-world scenarios, induced 
earthquakes are typically low in amplitude and rarely 
exceed intensities of 0.5 g (Bommer et al. 2022; Edwards 
et al. 2019). As such, scaling the induced loading signal 
beyond 0.75 g is considered to yield results of limited 
meaning. Therefore, if a specimen does not collapse 
under the induced signal at 0.75 g, the IDA for that 
case is terminated, and no-collapse outcome is declared.

In IDAs, collapse is typically defined as the inability of 
the specimen to maintain equilibrium during dynamic 
loading (Ghezelbash, Sharma, et al. 2025), corresponding 
to the falling of portions of the wall or complete wall 
failure. However, an additional deformation-based criter
ion is adopted in this study to provide a more practical 
and engineering-relevant definition of collapse. 
Specifically, collapse is assumed to occur as soon as 
OOP deformations equal to or exceeding 25% of the 
wall thickness (t = 102 mm) are observed during dynamic 
loading. This displacement-based criterion aligns with 
real-world engineering practice, where walls exhibiting 
such large OOP deformations are typically considered 
severely damaged and are deemed unusable without 
repair or the installation of temporary countermeasures 
(FEMA 306: Evaluation of Earthquake Damaged 
Concrete and Masonry Wall Buildings 2000; Burton 
and Deierlein 2018; Di Ludovico et al. 2021; Taucer and 
Pinto Vieira 2007). The 25% threshold is based on prior 
dynamic OOP simulations of one- and two-way span
ning walls and gables (Ghezelbash, D’Altri, et al. 2025,  
2026; Ghezelbash, Sharma, et al. 2025), as well as more 
complex sub-structures (Ghezelbash, Aşıkoğlu, et al.  
2025). In the latter, the same criterion was used to predict 
collapse under 29 different earthquake records in a blind 
prediction contest, yielding accurate predictions and cor
rectly identifying the number of collapsed specimens. 
The use of this criterion also addresses limitations in 
the numerical modeling procedure. As shown in 
(Ghezelbash, Sharma, et al. 2025), in cases involving 
specimens similar to the 3SS and 3SO walls in this 
study, collapse may not occur numerically even after 
the formation of complete crack patterns. Instead, dis
connected portions may undergo very large, physically 
unrealistic deformations, due to overdamping effects or 
the absence of element deletion in the simulations. The 
25% deformation threshold prevents such cases from 
being misinterpreted as non-collapse.

The dynamic analyses discussed above are conducted 
only for specimens in DS0, DS1, and DS3 pre-damage 
states. Additionally, specimens pre-damaged under 
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symmetric hogging are excluded from the dynamic 
analyses, as the settlement profile used is considered 
too extreme and not representative of realistic ground 
movements (see Section 4.2). Furthermore, the type of 
damage induced by symmetric hogging is similar to that 
caused by asymmetric profiles. In all dynamic analyses, 
the motion is applied uniformly to all specimen bound
aries, neglecting building‑level amplification effects. 
This simplification is acceptable because the walls are 
assumed to be on the ground floor, where such ampli
fication is minimal, and ground‑shaking records are 
appropriate.

5. Results and discussion

This section presents the results obtained from each step 
of the parametric analysis. Section 5.1 outlines the range 
of structural responses under settlement loading, high
lighting differences in damage evolution across speci
mens and loading scenarios. Section 5.2 discusses the 
outcomes of modal analyses performed on both pristine 
and pre-damaged specimens, with the latter interpreted 
in terms of changes to OOP stiffness. Section 5.3 pre
sents the results of static pushover OOP analyses, com
paring peak strength and failure mechanisms between 
pre-damaged and pristine specimens. Finally, 
Section 5.4 describes the dynamic OOP analysis out
comes and examines how specimen response differs 
under dynamic loading compared to that observed in 
the static analyses.

5.1. Settlement loading: damage patterns and 
pre-damage states

The damage patterns obtained at the end of the applica
tion of the considered settlement scenarios are pre
sented in Figure 8. Walls subjected to hogging exhibit 
various cracking patterns, including vertical and diag
onal cracks in the main panels (4SS/3SS) and large piers 
(4SO/3SO), diagonal cracks at the corners of openings 
(4SO/3SO), and detachment of the flanges from the 
base. In contrast, walls subjected to sagging show more 
localized damage, primarily concentrated at the bottom 
mortar joints and the panel-flange connections. In the 
4SO and 3SO specimens, sagging-induced damage also 
includes the extension of a base crack along a diagonal 
stepping path toward the bottom of the opening, as well 
as cracking at the corners of the lintel that propagates to 
the top of the main wall. These responses result from the 
lower horizontal and vertical confinement in the walls 
due to the presence of the window. Overall, small sensi
tivity of damage to the symmetry of the settlement 
profile is observed. An exception is given by the 4SS 

specimen, which exhibits a single dominant crack under 
asymmetric hogging, compared to two cracks under the 
symmetric profile. The key distinction between sym
metric and asymmetric settlement cases lies in the angu
lar distortion required to reach the final cracked state: 
the asymmetric cases require significantly larger distor
tions, in some cases up to twice as large (see Section 4.3). 
With respect to the direction of asymmetric settlement 
profiles in the 4SO and 3SO specimens, a notable dif
ference in damage response is observed. Reversed asym
metric profiles cause more severe crack propagation, 
which is attributed to the mobilization of the larger pier.

Figure 9 illustrates examples of how different settle
ment-induced pre-damage states are identified in speci
mens under symmetric hogging. For consistency, cracks 
at a given location within a specimen are assigned the 
same identifier across all pre-damage states. In the cal
culations, all cracks, including those within the main 
wall, flanges, and base mortar joint, are included. Three 
conservative and simplifying assumptions are adopted 
in the analysis. First, cracks with the same origin and 
propagating in multiple directions (e.g., those beneath 
the window in the 4SO/3SO specimens) are treated as 
a single crack. Second, cracks that change direction (e.g., 
those observed in the 4SS/3SS walls or originating from 
the top corner of the long pier in the 4SO wall) are 
considered continuous. Third, for each crack, the max
imum width observed along its length is taken as its 
representative width. The difference between the use of 
the Ψ parameter and the use of traditional damage-state 
detection methods (based on a single crack width) is 
particularly evident in the 4SS and 4SO specimens. In 
these cases, DS3 occurs at maximum crack widths of 
12.8 mm and 12.3 mm, respectively, values about 35% 
below the median of the typical range used in conven
tional criteria (20 mm shown in Table 2). However, the 
overall state of these specimens, including the formation 
of complete crack patterns, clearly aligns with the qua
litative definition of DS3.

The angular distortions at which light (DS1) to severe 
(DS3) damage occurs in different specimens and settle
ment scenarios are listed in Table 3. Based on the data, 
and consistent with the findings of previous studies 
(Prosperi, Longo, et al. 2025), symmetric hogging is 
identified as the settlement profile that causes the most 
rapid damage evolution, reaching each pre-damage state 
at a lower angular distortion value across all specimens 
considered. However, it should be noted that this accel
erated damage may be attributed to the extreme settle
ment conditions adopted in the current study. 
Specifically, the point of inflection in the Gaussian bell 
curve used to define the settlement profiles is assumed 
to occur at a distance equal to half the wall length (L/2 in 
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Figure 6d). In real-world conditions, this point is typi
cally located much farther away, producing lower- 
curvature profiles (Prosperi 2025). As a result, higher 
angular distortions are needed to achieve similar 
damage states, compared to the simulations presented 
here. Asymmetric hogging and sagging settlement pro
files reach DS3 at angular distortion values ranging from 
8.1‰ to 18.1‰, significantly higher than the real-world 
limit values reported in the literature, which are typi
cally up to 3.3‰ (1/300) (Giardina 2013; Korswagen  
2024). This suggests that if buildings are rehabilitated 
upon reaching such practical distortion thresholds, 
these types of settlement profiles may not lead to severe 
damage.

The specimens exhibit varying sensitivities to the 
type of asymmetric settlement, depending on their geo
metry. While the 4SS and 3SS specimens show faster 
damage progression under asymmetric hogging, the 

4SO and 3SO specimens exhibit similar angular distor
tion thresholds for reaching different pre-damage states 
under both asymmetric sagging and hogging. In the 
solid walls, benefiting from higher horizontal confine
ment, sagging damage is primarily concentrated at the 
base mortar joint. This damage mechanism requires 
relatively high angular distortions to initiate. In con
trast, in walls with openings, the lower horizontal con
finement leads to more distributed damage under 
sagging. Cracks initiate at the base joint and propagate 
toward the window, with additional cracks observed 
around the lintel. As a result, walls with opening reach 
higher pre-damage states at lower angular distortions 
due to increased crack development. With respect to the 
direction of the asymmetric settlement profile, both 
specimens with opening show faster damage progres
sion under reversed asymmetric settlement, attributed 
to the increased mobility and cracking of their larger 
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piers. However, the 4SO wall under sagging shows 
delayed damage progression in the reversed asymmetric 
case, as it does not form a base crack.

The moments at which different pre-damage states are 
reached during settlement loading are shown in the angu
lar distortion vs. IP drift curves in Figure 10. The drifts 
used to construct these curves are calculated as the max
imum between the IP displacements at the two top 

corners of the main walls, divided by the height of the 
specimens (2575 mm). In the 4SS and 4SO specimens 
subjected to symmetric and asymmetric hogging, differ
ent pre-damage states are reached at similar IP drift 
levels. In these cases, the asymmetric hogging profile 
introduces an additional base crack, which compensates 
for its otherwise lower damaging nature compared to the 
symmetric profile. In contrast, the 3SS and 3SO 

Figure 9. Damage states identified for wall specimens under symmetric hogging. Deformed shapes are × 20 magnified. Block damage 
(i.e., crushing or tensile cracking in units) is highlighted in red. The β is the value of “applied angular distortion” at which the damage 
state is identified.
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Table 3. Angular distortions corresponding to light- to severe-damage states of the specimens.

Settlement Profile

Angular Distortiona [‰]

4SS 4SO 3SS 3SO

DS1 DS2 DS3 DS1 DS2 DS3 DS1 DS2 DS3 DS1 DS2 DS3

Sym. Hog. 1.9 2.5 4.4 1.9 3.1 5.6 1.3 2.5 5.0 1.3 2.5 4.4
Asym. Hog. 3.8 6.9 14.4 4.4 8.8 12.5 3.1 6.3 11.3 1.9 3.8 7.5
Rev. Asym. Hog. – – – 3.8 5.6 8.1 – – – 1.9 3.1 6.9
Asym. Sag. 5.0 8.8 18.1 2.5 6.3 13.1 5.0 8.8 18.1 2.5 5.6 11.9
Rev. Asym. Sag. – – – 3.1 8.1 13.1 – – – 3.1 6.3 10.0

aThese are the angular distortions applied to the base.

Maximum 
of the Two

Figure 10. Evolution of top IP drift in different specimens during settlement pre-damaging.
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specimens under asymmetric hogging require larger IP 
drifts to reach the same damage states, as this profile does 
not induce base cracking as prominently as in the 4SS and 
4SO specimens. This response is further evidenced when 
comparing the response of the 4SO specimen under 
symmetric and asymmetric hogging: the asymmetric pro
file fails to initiate base cracking, and as a result, a larger 
IP drift is needed to reach DS3. Sagging profiles also 
require higher IP drifts to reach different pre-damage 
states, especially DS3, likely due to the concentration of 
cracking at the base of the walls. Notably, the 4SS and 3SS 
specimens reach DS3 under sagging at very large drift 
values (approximately 1%), as they do not develop addi
tional cracks and instead deform in a more rigid manner. 
Conversely, the 3SO specimen under reversed asym
metric sagging reaches DS3 at a lower IP drift due to 
more distributed cracking across the main wall. Overall, 
the range of specimen geometries and settlement profiles 
considered in this study captures a wide variety of 
damage responses to settlement loading.

5.2. Modal analysis: effects of pre-damage on 
stiffness

The results of modal analyses on pristine specimens 
are presented in Figure 11, showing the modal shapes, 
natural frequencies, and participating mass factors for 
the first four natural vibration modes. The same 
boundary conditions as those used in the static OOP 
simulations are adopted (Figure 5b1). Following the 
approach in the previous study of the authors 
(Ghezelbash, Sharma, et al. 2025), the first and third 
modes, having the largest participating mass factors, 
are identified as the modes most likely to govern the 
OOP response and are selected for damping calibra
tion in the expanded blocks. A target Rayleigh damp
ing ratio of 5% is used, as described earlier in 
Section 2.4. This damping ratio is calibrated based 
on the modal properties of the pristine specimens. 
Thus, reductions in stiffness and natural frequency 
due to settlement-induced damage do not alter the 
computed values. This choice is made to streamline 
the analysis process and avoid introducing uncertain
ties associated with recalibrating damping for each 
pre-damage state. Moreover, damping is considered 
to have the most influence once a collapse mechanism 
has activated (i.e., beyond near collapse), a phase that 
is not the primary focus of this study. It should be 
noted that the combination of the lowest first-mode 
period of the specimens (T = 1/32.02 s in 4SO) and the 
Δtmax = 0.0025 s used in dynamic simulations leads to 
a Δtmax/T = 8% which completely prevents numerical 
energy dissipation.

The first-mode frequencies obtained from modal 
analyses on specimens at different pre-damage states 
are used to estimate changes in the OOP stiffness of 
the specimens due to settlement-induced pre-damage. 
Equation 2 is employed for this purpose, where KDSi and 
fDSi represent the OOP stiffness and first-mode fre
quency at pre-damage state DSi, respectively. This 
approach idealizes the specimens as a single-degree-of- 
freedom system wherein the relationship f ¼

ffiffiffiffiffiffiffiffiffiffi
K=m

p

can be used. 

The calculated changes in the OOP stiffness of pre- 
damaged specimens are presented in Figure 12, and 
the modal shapes belonging to their first deformation 
mode at DS1 are shown in Figure 13. A broad variability 
in stiffness sensitivity emerges, from low to moderate 
reductions of around 30% in the 3SS and 3SO specimens 
under hogging, and even very large reductions, up to 
80–92%, in the 4SS and 4SO specimens under sagging at 
DS3. With respect to the influence of the settlement 
profile, all specimens exhibit the most pronounced stiff
ness reductions under sagging, being already noticeable 
at DS1. This response is attributed to the disruption of 
vertical arching caused by base cracking. The effect is 
especially significant in the 4SS and 4SO specimens, 
which exhibit reductions of 50–80% at DS1, due to the 
presence of the top beam and the larger vertical pre- 
compression. In other words, the more prominent the 
vertical arching in the pristine specimen, the greater the 
impact of its loss during sagging. The 3SS and 3SO 
specimens show lower stiffness reductions under sag
ging (up to 48% at DS1), which is associated with more 
distributed cracking. Nevertheless, even in these speci
mens, sagging has a greater impact on OOP stiffness 
than hogging. Despite having lower vertical confine
ment, the loss of support at one boundary under sagging 
shifts the OOP response of these specimens toward that 
of one-way horizontally spanning elements, rather than 
their original two-way spanning configuration (as 
further discussed in Section 5.3). In summary, these 
findings demonstrate that sagging, which is typically 
considered the less damaging settlement scenario due 
to its association with localized cracking (Burd et al.  
2000), has a greater effect on the OOP stiffness of the 
specimens than hogging when it disrupts vertical arch
ing, as in the specimens analyzed in this study.

Among the specimens subjected to hogging, 4SO 
shows substantial stiffness reduction, up to 60% at DS3 
under symmetric settlement. This is attributed to the 
development of cracks beneath the window, which 
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Figure 11. The results of the modal analysis of the pristine numerical specimens: modal shapes (a), frequencies (b), and participating 
mass factors (c) of the first four natural modes of vibration. Frequencies used to calibrate Rayleigh damping are shown in the 
deformed shapes.
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isolate the bottom spandrel from the rest of the main 
wall, allowing it to participate independently in modal 
deformations. The OOP analyses presented in 
Section 5.3 further illustrate the vulnerability of the 
spandrel in this configuration. With respect to the sen
sitivity to settlement profile symmetry, both the 4SS and 
4SO walls exhibit 12–18% greater stiffness reduction 
under symmetric hogging compared to the asymmetric 
case, due to the more widespread cracking induced by 
the former. In contrast, the 3SS and 3SO specimens 
demonstrate lower sensitivity, as cracking patterns are 
less different between symmetric and asymmetric pro
files. In fact, the 3SS specimen shows faster stiffness 
degradation during asymmetric hogging, due to the 
formation of an additional base crack in this scenario. 
With respect to the direction of the settlement profile, 
the sensitivity varies depending on boundary conditions 
and crack types. The 3SO specimen shows minimal 
sensitivity under hogging. However, the 4SO specimen 
displays a notable difference: asymmetric hogging 
results in 18% greater stiffness reduction at DS3 com
pared to the reversed asymmetric profile. This discre
pancy is attributed to crack localization during 
asymmetric hogging, as well as the lower severity of 
the base crack under the reversed profile. A similar 
effect is observed in the 3SO specimen under sagging, 
where the reversed asymmetric profile does not induce 
base cracking and leads to a stiffness reduction at DS1 
up to 40% lower than the original asymmetric case. 
Conversely, in the 4SO specimen, the reversed asym
metric sagging profile results in a 17% higher stiffness 
reduction at DS3. This is due to the formation of 
a horizontal crack extending from the window to the 
long pier, leading to its increased looseness during 
modal deformations.

In almost all specimens, the majority of the OOP 
stiffness reduction occurs upon reaching DS1. This is 
because most cracks form at this early stage, already 
disrupting vertical and horizontal confinement and 
compromising boundary support. Progression through 
higher pre-damage states results mainly in the widening 
of existing cracks and the formation of only a limited 
number of additional cracks, both of which contribute 
less significantly to further stiffness degradation. The 
stiffness sensitivities observed here are expected to 
strongly influence the dynamic response of the speci
mens: as pre-damage reduces natural frequencies (i.e., 
increases natural periods), the resonance of the speci
men shifts to a different part of the acceleration spec
trum of the loading signal. This shift may either increase 
or decrease the amplification of seismic motions experi
enced by the specimens, thereby influencing the extent 
to which their collapse PMAs change. These effects are 
further examined in Section 5.4.

5.3. Pushover analyses: effect of pre-damage on 
the static OOP performance

The results of the pushover and reversed pushover OOP 
analyses are presented and discussed in this section. The 
resulting force–displacement curves for all specimens 
under pushover and reversed pushover are shown in 
Figures 14 and 15, respectively. In these figures, each 
column of sub-figures corresponds to a specific speci
men, while each row corresponds to a particular settle
ment profile. Within each sub-figure, all curves are 
normalized by the peak OOP resistance of the pristine 
configuration, denoted as Vmax;DS0 and indicated within 
each sub-figure, to enable straightforward comparison 

Figure 12. Changes in OOP stiffness of specimens as a result of settlement-induced pre-damage. The square of the ratio of first-mode- 
frequency in pre-damaged walls to that of the pristine walls is shown.
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across different damage states. Additionally, Vmax;DS0 is 
presented as a coefficient of the specimen weight 
(denoted as W) to facilitate comparison with dynamic 
collapse PMAs. Specimen weights exclude the base and 
top beam, and are 28.08 kN for the 4SS/3SS specimens 
and 23.16 kN for the 4SO/3SO specimens. Displacements 
are normalized relative to the main wall thickness (t =  
102 mm). The peak OOP strength of the pre-damaged 
specimens under both pushover and reversed pushover is 
summarized in Figure 16, normalized by Vmax;DS0. Figure 
17 and Figure 18 show the corresponding damage pat
terns for DS1 specimens under pushover and reversed 
pushover loading, respectively. In these figures, damage 

in the blocks is highlighted in red, and different deforma
tion scales are used to enhance visibility of crack patterns. 
The displacements used in the pushover curves are mea
sured at specific control points indicated in Figure 17. For 
the 4SS and 3SS specimens, the control point is located at 
mid-length and mid-height of the main wall and at the 
top edge, respectively. For the 4SO specimen, the control 
point is located at the lintel height on the edge adjacent to 
the long pier. For the 3SO specimen, the control point is 
located at the top of the main wall, directly above the 
intersection of the lintel and the long pier. These same 
control points are used consistently for both pushover 
and reversed pushover analyses.
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Figure 13. Modal shapes of first natural deformation modes in specimens at DS1 settlement-induced pre-damage state.
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Similar trends to those observed in the influence of 
settlement on OOP stiffness are identified when com
paring OOP strengths and collapse failure mechanisms. 
First and most notably, the majority of strength reduc
tion occurs already for pre-damaged walls at DS1, high
lighting the significant impact of light pre-damage. In 
fact, the DS1 specimens exhibit the most substantial 
changes in collapse mechanisms compared to the pris
tine (DS0) walls, while further progression to higher 
pre-damage states results in only marginal additional 
modifications. It should be noted that, due to the 

absence of intermediate pre-damage states between 
DS0 and DS1, the precise onset of strength degradation 
cannot be identified. Further investigation into the OOP 
response of URM walls under finer levels of light pre- 
damage (such as negligible, very slight, and slight cate
gories as defined in (Prosperi 2025)) is required to more 
accurately identify this transition point.

Second, sagging leads to greater strength loss 
across all specimens, particularly in 4SS and 4SO, 
resulting in strength reductions of 50–85% at DS3. 
This further emphasizes the critical role of the base 

Figure 14. Force-displacement results of static pushover OOP analyses of specimens under settlement pre-damage. W is weight of the 
specimens, 28.08 kN for 4SS/3SS and 23.16 kN for 4SO/3SO.
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crack induced by sagging. In these specimens, even 
DS1 results in the loss of base support, which subse
quently triggers the formation of one-way bending 
cracks in the lower portion of the main wall. 
A similar effect is observed in the 3SS specimen 
under regular pushover (Figure 17), where a 40% 
strength loss occurs at DS1. However, the impact is 
less pronounced in this case, as the DS0 failure 
mechanism already exhibits a one-way spanning 
response due to the absence of vertical confinement. 
Once more, it should be noted that the sagging 

profile used in this study represents an extreme 
case. In real-world conditions, settlement profiles 
typically exhibit lower curvature and do not induce 
base cracking to the same extent as those modeled 
here. Additionally, the specimens used in this study 
have relatively short lengths compared to actual 
building façades (Prosperi et al. 2023b). This leads 
to higher horizontal confinement, causing the walls to 
deform more rigidly under sagging and limiting the 
formation of internal cracks that might otherwise 
reduce the severity of base cracking.

Loading
Direction

Figure 15. Force-displacement results of static reversed pushover OOP analyses of specimens under settlement pre-damage. W is 
weight of the specimens, 28.08 kN for 4SS/3SS and 23.16 kN for 4SO/3SO.
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Third, the 4SO wall under hogging exhibits 
a significant 30% strength reduction, particularly 
under reversed pushover. This is primarily attributed 
to the looseness and partial collapse of the bottom 
spandrel. Fourth, the remaining specimens under hog
ging demonstrate relatively lower sensitivity to pre- 
damage, with strength losses of up to 23% at DS3. This 
reduced sensitivity is due to the limited influence of 
settlement-induced pre-damage on their OOP failure 
mechanisms, as well as on their horizontal and vertical 
confinement. In specimens such as 3SS and 3SO, settle
ment causes only minor alterations in the collapsing 
wall region and does not significantly affect the force 
required to induce collapse.

The influence of the shape of settlement profile is less 
pronounced when comparing OOP strengths than in 
the case of OOP stiffness. Across all specimens, sym
metric hogging results in strength reductions similar to 
those caused by asymmetric profiles. Likewise, the 

direction of asymmetry in the settlement profile leads 
to only minor differences in strength loss. In the 4SO 
specimen under asymmetric hogging, the reversed pro
file results in a 15% lower strength reduction at DS3, 
attributed to the increased stability of the bottom span
drel. For the 3SO specimen, the only notable difference 
is observed during sagging under regular pushover, 
where the reversed asymmetric settlement profile leads 
to a 20% lower strength drop at DS3 due to the absence 
of a base crack. The effects of loading direction are 
primarily observed in specimens subjected to sagging. 
Regular pushover, applied in the weak direction (away 
from the flanges), produces greater strength losses, par
ticularly in 3SS and 3SO specimens. This is due to faster 
damage development at the wall-flange intersections. It 
is also observed that the 4SO specimen shows a 13% 
lower pristine OOP strength under regular pushover 
compared to reversed pushover, primarily due to the 
instability of the lintel. In contrast, the 4SS specimen 

Loading
Direction

Figure 16. Changes in static pushover OOP strength of specimens as a result of settlement-induced pre-damage. Peak strengths are 
normalized to those of pristine specimens. W is weight of the specimens, 28.08 kN for 4SS/3SS and 23.16 kN for 4SO/3SO.
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shows only a 6% difference, and the remaining two 
specimens exhibit no significant discrepancy. These 
results suggest that, while directional sensitivity in 
OOP strength is minor under pristine conditions, it 
becomes more pronounced following settlement- 
induced pre-damage, especially that caused by sagging.

5.4. Dynamic analyses: effect of pre-damage on the 
dynamic OOP performance and comparison with 
pushover analyses

The results of the dynamic IDAs using the induced and 
tectonic seismicity signals described in Section 4.4 are pre
sented and discussed in this section. It should first be noted 
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that none of the specimens collapsed under the induced 
seismicity signal within the loading intensities considered 
in this study. Therefore, the discussion focuses exclusively 
on the results from the tectonic signal analyses. The col
lapse PMAs are summarized in Table 4, and the corre
sponding failure mechanisms are illustrated in Figure 19. 
The control points used to identify the loading steps lead
ing to collapse are the same as those used for the pushover 

analyses and are also indicated in Figure 19. The deformed 
shapes correspond to time steps that most clearly reveal the 
extent and location of damage. All dynamic collapses are 
identified using the 25% wall thickness deformation thresh
old defined in Section 4.4. However, it is worth noting that 
during the collapse simulations, the specimens reached 
substantially higher peak OOP deformations, up to 50% 
of the wall thickness, confirming the appropriateness of the 
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Figure 18. Damage patterns from static reversed pushover OOP analyses of specimens under DS1 settlement pre-damage. Damage in 
blocks (crushing or tensile cracking) is highlighted in red. Deformed shapes are scaled with different factors for clear visualization.
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collapse detection criterion. In summary, the same trends 
previously discussed, namely the significant drop in col
lapse PMA at DS1 and the severe impact of sagging, are also 
observed in the dynamic IDAs. Given the detailed discus
sion of these effects in previous sections, they are not 

repeated here. Instead, the focus is shifted toward compar
ing the dynamic response of the specimens with their 
response under static loading.

Figure 20 compares the changes in dynamic collapse 
PMAs with the strength reduction estimations obtained 

Table 4. Collapse PMAs of specimens under tectonic-seismicity IDAs.

Settlement Profile

Collapse PMAa [g]

4SS 4SO 3SS 3SO

DS0 DS1 DS3 DS0 DS1 DS3 DS0 DS1 DS3 DS0 DS1 DS3

Asym. Hog. 3.0 3.0 2.5 4.0 3.5 3.0 1.0 1.0 0.75 1.25 1.25 1.25
Rev. Asym. Hog. 3.0 – – 4.0 3.5 3.5 1.0 – – 1.25 1.25 1
Asym. Sag. 3.0 1.0 1.0 4.0 1.25 1.25 1.0 0.75 0.75 1.25 1.0 1
Rev. Asym. Sag. 3.0 – – 4.0 1.25 1.0 1.0 – – 1.25 1.25 1

aPeak motion acceleration causing physical collapse or OOP deformations exceeding 25% of thickness.
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Figure 19. Damage patterns from IDA of specimens under DS1 settlement pre-damage and tectonic seismicity. Damage in blocks 
(crushing or tensile cracking) is highlighted in red. Deformed shapes are scaled with different factors for clear visualization.
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from the static analyses. A limitation arises because the 
static analyses apply a continuous load, whereas the 
IDAs are conducted using a predefined list of discrete 
loading intensities. As a result, although an estimated 
collapse PMA is determined, finer increments in load
ing intensity would be required to obtain an exact value 
(Ghezelbash, Sharma, et al. 2025). To address this lim
itation, the comparison does not rely on the exact 
numerical drop in collapse PMAs for pre-damaged spe
cimens. Instead, a range is defined for each predicted 
dynamic collapse PMA. This range spans from the dis
cretely identified collapse PMA to the loading intensity 
immediately below it in the IDA sequence.

Overall, excellent agreement is observed between 
the static and dynamic predictions, both in terms of 
the drop in OOP resistance and the failure mechan
isms of the pre-damaged specimens. Particularly, the 
strength predicted via pushover analyses conducted in 
the weak direction (dashed-dotted lines with diamond 

markers in Figure 20) either falls within the range 
yielded by the dynamic analyses or matches the upper- 
bound of the predicted collapse PMA drops. The only 
exception is the 4SS specimen under sagging, which 
shows a slightly larger drop in collapse PMA (8%) 
across different pre-damage states. However, this dis
crepancy is considered negligible given the severity of 
the applied settlement profile. It is also worth noting 
that pushover analyses accurately estimate the strength 
of the pristine specimens: the ratio of pushover 
strength to specimen weight aligns well with the cor
responding acceleration intensities. Such strong agree
ment is attributed to the nature of the OOP response 
studied herein: as two-way spanning walls predomi
nantly exhibit force-controlled failure mechanisms 
(Sharma et al. 2020), similar outcomes from static 
and dynamic analyses are expected.

It should be noted that the results of this study are to 
be regarded as preliminary indicators, warranting 

Figure 20. Comparison of strength drops predicated via dynamic (tectonic-seismicity) and pushover analyses for specimens under 
settlement pre-damage. Dynamic analysis results are shown as a range of expected collapse PMAs between the numerically obtained 
value and one loading intensity below it.
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further investigation. In particular, the use of a single 
loading signal applied in a prescribed direction (Koc 
et al. 2023), as well as the specific material properties 
considered (Jafari 2021), may have introduced a degree 
of dependence of the outcomes on the specific setup of 
the parametric analysis. Additionally, the results of the 
dynamic simulations may have been influenced by the 
selected damping ratio. Notably, lower damping values 
may have resulted in reduced OOP strengths 
(Ghezelbash, Sharma, et al. 2025). However, such effects 
are not explored herein due to time constraints and the 
absence of a real-world benchmark for the studied spe
cimens. As such, selecting a more appropriate damping 
ratio is not feasible, and any repetition of the analyses 
with altered damping would constitute a purely numer
ical variation. Further research is necessary to investi
gate the potential influence of these parameters. 
Nevertheless, it is important to note that while damping 
may affect the absolute OOP resistance of the speci
mens, the relative changes in strength due to pre- 
damage are expected to remain consistent with the 
trends observed in this study.

The pushover analyses, particularly those conducted 
in the weak direction, also demonstrate high accuracy in 
capturing the collapse mechanisms observed during 
dynamic simulations. A comparison between Figures 
17 and 19 reveals that all dynamically induced cracks 
align closely with those identified in the static push
overs. The only notable discrepancy appears in the 
3SO specimens under sagging, where an additional 
diagonal crack extending from the bottom corner of 
the window to the mid-height of the long pier emerges 
during dynamic loading. However, this damage pattern 
is also captured in the reversed pushover simulations 
(see Figure 18), suggesting that the static approach 
nevertheless encompasses the critical failure modes.

An appealing aspect of static analyses observed here is 
their relatively low computational demand compared to 
IDAs. As an example, while each loading run of the tec
tonic IDA of the pristine 4SS specimen requires 
a computational time similar to that of its static analysis 
(2.4 vs 2 hours on 16 CPU cores @ 4.2 GHz clock speed), 
the complete IDA of the wall, consisting of nine analyses 
with PMAs ranging from 0.75 g to 4 g, takes approximately 
980% longer (approximately 22 hours). Although, this dif
ference is significantly smaller for walls with lower 
dynamic collapse PMAs, such as the 3SS specimens 
under DS3 pre-damage which collapse in their first 
dynamic loading run at a PMA of 0.75 g.

Overall, these comparisons indicate that, at least 
within the context and limitations of this study, static 
analyses can serve as reliable and efficient tools for pre
dicting the seismic OOP response of both pristine and 

settlement-damaged non-framed URM walls. Pushover 
analyses conducted in the weak direction of the speci
mens, in particular, provide accurate, and in some cases 
slightly conservative, estimates of structural capacity and 
failure mechanisms. It should be noted that pushover 
analyses retain some limitations in capturing specific 
dynamic effects, such as relative support motions govern
ing the response of upper-floor walls and gables (Godio 
and Beyer 2019; Sharma et al. 2025). Hence, the use of 
dynamic analyses remains necessary when investigating 
these more complex response mechanisms.

As previously discussed, induced seismicity, scaled 
up to a loading intensity of 0.75 g, does not lead to 
damage sufficient to compromise the wall structural 
integrity. Even the 3SS specimen, despite reaching 
a collapse PMA of 0.75 g at DS3, only collapses under 
the tectonic seismicity signal. On one hand, this out
come suggests that under induced seismicity the influ
ence of settlement pre-damage on the response of URM 
walls may be limited, particularly considering the 
extreme settlement scenarios considered in this study. 
On the other hand, the higher sensitivity observed 
under tectonic loading may be attributed to the char
acteristics of the loading signal, namely, its higher spec
tral accelerations and multiple accelerogram peaks. 
These findings underscore the need for further compar
isons between the effects of induced and tectonic seis
micity hazards.

6. Conclusions

This study investigates the effects of settlement-induced 
pre-damage on the seismic out-of-plane (OOP) 
response of non-framed unreinforced masonry (URM) 
walls. The block-based numerical modeling approach 
previously developed by the authors is adopted in 
a parametric analysis to explore these interactions. 
Four two-way spanning wall geometries are considered, 
including variations with window openings and free top 
edges, all representative of the URM building stock in 
the Groningen province of Netherlands. Each wall is 
subjected to different settlement profiles: symmetric 
and asymmetric hogging, asymmetric sagging, and 
reversed asymmetric hogging and sagging. During set
tlement loading, performance states, termed pre- 
damage states, are identified based on the severity of 
cracking and used as initial conditions for subsequent 
OOP analyses. These states represent light, moderate, 
and severe pre-damage conditions. Static pushover 
OOP analyses are performed in two opposite directions 
to account for the asymmetric geometry of the speci
mens. Incremental dynamic OOP analyses are also con
ducted using two seismic loading signals: one 
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representing induced seismicity and the representing 
from a tectonic earthquake. In addition, frequency ana
lyses are carried out on the pre-damaged specimens 
prior to OOP loading. The results are interpreted in 
terms of changes in OOP stiffness (deduced from 
changes in fundamental frequencies), strength, and fail
ure mechanism resulting from different pre-damage 
levels, as well as the influence of dynamic loading on 
the extent of these changes. The main outcomes of the 
study are as follows:

● The specimens exhibit significant sensitivity to sag
ging, with stiffness losses reaching up to 92% and 
strength reductions up to 85% at severe pre- 
damage states. This response is primarily attribu
ted to the loss of vertical confinement and base 
support, which causes the walls to shift from their 
original two-way bending response to a one-way 
horizontal OOP bending mechanism.

● Hogging results in lower, yet still significant, degrada
tion of OOP response. Specimens with vertical con
finement experience up to 60% stiffness loss and 30% 
strength reduction at severe pre-damage states. The 
specimen with an opening is particularly vulnerable 
due to damage localization beneath the window, lead
ing to looseness and early detachment in that region.

● The direction of settlement asymmetry also influ
ences the response, particularly in specimens sub
jected to hogging. Settlement profiles that induce 
the opening of a base crack lead to a significantly 
greater impact, up to 40% larger stiffness reduction 
and 20% greater strength loss, due to the associated 
loss of base support and vertical confinement.

● The primary effects of settlement-induced pre- 
damage, both quantitatively and qualitatively, emerge 
as soon as the wall is subjected to light pre-damage 
state. Further progression to more severe damage 
states results in only minor additional changes to 
OOP strength, stiffness, and collapse mechanisms.

● Dynamic loading using an induced seismicity sig
nal, scaled up to an intensity of 0.75 g, does not 
cause collapse in any specimen. In contrast, some 
severely pre-damaged specimens collapse under 
the same intensity when subjected to the tectonic 
signal, likely due to higher spectral accelerations 
and multiple strong motion peaks of the latter.

● Pushover analyses accurately estimate both the 
dynamic OOP strength of pristine walls and the 
strength reductions due to different levels of pre- 
damage. They also successfully capture the dynamic 
collapse mechanisms. This agreement is likely due 
to the force-controlled nature of the two-way OOP 
bending responses examined in this study.

This study provides key insights into the influence of 
settlement-induced pre-damage on the seismic OOP 
response of URM walls. However, further research is 
needed to refine and expand on these limited findings. 
Future studies should explore larger wall assemblies or 
full façades with more complex geometries and greater 
lengths, as well as implement more realistic settlement 
profiles with lower curvatures. These could include 
repeated settlement and uplift cycles to reflect actual 
field conditions more accurately. Additionally, alterna
tive material configurations, such as combinations of 
weak units and strong mortars, should be investigated. 
Furthermore, walls with lower and higher overburdens 
should be studied. In this regard, this study establishes 
a framework for future studies rather than providing 
definitive conclusions. For example, while the current 
findings suggest that settlement pre-damage may have 
limited impact under induced seismicity, this conclu
sion is specific to the selected loading signals and sce
narios. Broader dynamic analyses using diverse seismic 
records are necessary to generalize the results. 
Moreover, the reliability of static pushover analyses in 
predicting the seismic response of URM walls requires 
further verification by analyzing one-way spanning 
walls. Also, the influence of various levels of light pre- 
damage (e.g., Negligible, Very Slight, and Slight per 
EMS-98) on the OOP response warrants further inves
tigation to better define the onset of pre-damage effects. 
Finally, future studies should design reinforcement or 
retrofitting techniques capable of mitigating the effects 
of settlement pre-damage on the seismic response.
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