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Review of the influence of the interaction between in-plane and 
out-of-plane behaviors on the seismic response of framed unreinforced 
masonry walls
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A B S T R A C T

This paper presents a comprehensive review of the effects of interactions between in-plane (IP) and out-of-plane 
(OOP) behaviors, referred to as IP-OOP interactions, on the seismic behavior of framed unreinforced masonry 
structures, consolidating findings from experimental, numerical, and analytical studies available in the literature. 
While masonry structures are highly vulnerable to seismic loading and undergo multi-directional seismic actions, 
most existing research focuses on their response to unidirectional forces, overlooking the complex interaction 
effects observed during real earthquakes. Moreover, although design and assessment standards acknowledge 
these interactions, they offer limited prescriptive guidance. The literature predominantly addresses the impact of 
IP pre-damage on OOP strength and stability (IP/OOP interaction), with comparatively fewer studies examining 
the reverse scenario, i.e., OOP pre-loading affecting IP resistance (OOP/IP interaction). Experimental data re
mains scarce, particularly for multi-bay frames and walls with openings, limiting the generalizability of current 
findings. Numerical simulations have significantly advanced the understanding of these interactions, yet their 
reliability relies on proper calibration against benchmark experiments, which are still limited in number. Among 
the most influential parameters affecting the effect of IP pre-damage on the OOP response, the height-to- 
thickness slenderness ratio plays a dominant role. Slender walls are especially prone to severe OOP strength 
degradation due to reduced arching action and increased instability. The length-to-height aspect ratio also in
fluences failure modes under IP/OOP interaction, particularly in short walls where horizontal arching action 
reduces. Other critical factors, such as masonry material properties, boundary conditions, and frame stiffness, 
have been identified, but their effects remain less systematically studied. Analytical approaches have primarily 
focused on IP/OOP interaction effects. However, existing equations are often derived from limited datasets, 
restricting their predictive capabilities. The equation widely adopted in seismic guidelines has been shown to 
overestimate OOP strength reduction, underscoring the need for more refined models that incorporate broader 
experimental and numerical data. Future research should address these gaps by expanding experimental cam
paigns, enhancing numerical methodologies, and refining analytical frameworks to better represent real-world 
conditions.

1. Introduction

Framed masonry structures are widely used in both residential and 
commercial construction due to their cost-effectiveness, ease of con
struction, and satisfactory structural performance under gravity loading 
[1]. In these structures, unreinforced (URM) masonry walls act as panels 
infilled or confined within reinforced concrete or steel frames, providing 
partitioning and contributing to thermal and acoustic insulation [2,3]. 
One of the primary concerns in seismic design is the vulnerability of 

framed masonry structures to earthquake-induced damage [4]. While 
traditionally considered non-structural elements, the URM walls within 
frames can significantly influence the overall behavior of the frame 
under lateral loads [5]. Their presence can enhance stiffness and 
strength, altering the dynamic response of the structure [6]. However, 
framed walls also introduce complexities in load distribution and failure 
mechanisms, particularly under seismic actions [7]. Framed walls can 
experience brittle failures, leading to the formation of diagonal cracks, 
crushing, or out-of-plane collapse [8]. In many cases, severe damage to 
framed walls can compromise the lateral stability of the entire structure, 
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increasing the risk of partial or total collapse [9]. Understanding the 
seismic behavior of framed masonry systems is therefore critical for 
improving their resilience [10].

While many experimental and numerical investigations have focused 
on either in-plane (IP) or out-of-plane (OOP) behavior separately, real- 
world earthquakes impose multi-directional forces, creating complex 
interactions between the two response modes [11,12]. Several studies 
have highlighted that damage induced by IP deformation can reduce the 
OOP capacity of masonry walls, leading to premature failure [3,13–15]. 
Conversely, OOP deformation can alter the stiffness and strength char
acteristics of framed walls, influencing their in-plane resistance [16]. 
Despite these findings, research explicitly considering IP and OOP 
interaction effects remains limited. Most available studies simplify the 
problem by investigating masonry responses under isolated unidirec
tional loading conditions, neglecting the impact of concurrent 
multi-directional seismic demands [17]. This knowledge gap poses 

challenges in accurately predicting failure mechanisms and designing 
reliable mitigation strategies.

This paper aims to provide a comprehensive review of the literature 
on IP and OOP interaction effects in framed unreinforced masonry 
structures. It consolidates findings from experimental, numerical, and 
analytical studies to assess the current state of knowledge and identify 
key gaps that require further investigation. Particular emphasis is placed 
on identifying influential parameters governing the interaction effects in 
the response of the walls, evaluating the limitations of existing design 
methodologies, and discussing the applicability of analytical and macro- 
element modeling approaches for large-scale structural assessments. In 
addition to synthesizing existing research, this paper introduces a novel, 
consistent terminology for describing IP and OOP interaction effects, 
addressing the current lack of standardization in the field and enabling 
clearer communication and comparison across studies. The paper is 
structured as follows. First, a clear definition of the IP and OOP 

Nomenclature

Abbreviation (General Terms)
IP In-Plane
OOP Out-of-Plane
URM Unreinforced Masonry

Interaction Scenarios
IP-OOP Influence of IP response on OOP behavior of walls and vice 

versa
IP/OOP Effects of IP pre-damage, pre-deformation, pre-load, or 

concurrent load on OOP response of walls
OOP/IP Effects of OOP pre-damage, pre-deformation, pre-load, or 

concurrent load on IP response of walls

Numerical Modeling Approaches
CoB Continuum-Based
ME Macro-Element
SMSBB Simplified Micro-Scale Block-Based

Specimen Type
CM Confined Masonry
IM Infilled Masonry

Masonry Unit Type
HCB Hollow Concrete Block/Brick
HCLB Hollow Clay Block/Brick
SCB Solid Concrete Brick
SCLB Solid Clay Brick

Masonry Unit Configuration
fʹm Masonry Prism Compressive Strength
H Horizontal Holes
V Vertical Holes

Mortar Type and Configuration
C Cement
DHJ Dry Head Joints
L Lime
S Sand

Frame Type
RC Reinforced Concrete

Opening Type and Position
D Door
PF Partially Filled
W Window

Wall/Frame Configuration
Ba Bay
Cav Cavity Wall
Q Quadruple-Bay
St Story

Geometrical Properties
h/t Height/Thickness Slenderness Ratio
l/h Length/Height Aspect Ratio
t Panel Thickness

Loading Scenarios
SQ Sequential
SC Successive
CB Combined
SM Simultaneous

Loading Sequences
IP, OOP IP load, then OOP
IP, OOP, IP Alternative loading starting from IP
IP + OOP Concurrent IP and OOP loads
OOP, IP OOP load, then IP
OOP, IP, OOP Alternative loading starting from OOP

Loading Procedures
Dyn Dynamic
QSC Quasi-Static Cyclic
QSLUC Quasi-Static Load-Unload Cycles
QSM Quasi-Static Monotonic

Loading Apparatus
AB Airbag (Wall Face Pressure)
FD Frame Displacement
AV Ambient Vibration
ST Shake Table
WF4PL Wall Face Four-Point Load
WF5PL Wall Face Five-Point Load
WF6PL Wall Face Six-Point Load
WFMiPL Wall Face Middle-Point Load

Boundary Conditions
1WB One-Way Bending
2WB Two-Way Bending
B Beam-like
Ct Cantilever
DC Double-Clamped
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interaction effects considered within the scope of this study is provided 
in 2. Then, the landscape of the current experimental and numerical 
works published on the study of IP and OOP interaction effects in framed 
URM walls is provided in 3, followed by the detailed review of these 
studies to identify the extent of interaction effects at wall level as well as 
parameters most influencing it or not studied enough in 4. In 5, an 
assessment is presented for existing analytical formulations and macro- 
element models developed based on wall-level studies for the estimation 
of building-level responses under interaction effects. The knowledge 
gaps identified during the review are summarized in 6. Finally, 
concluding remarks identifying research gaps and future directions for 
improving seismic design and assessment practices are discussed in 7. It 
should be noted that a similar review is conducted for IP and OOP 
interaction effects in non-framed URM walls, i.e., regular walls not 
enclosed within a surrounding frame. However, due to the fundamental 
differences in the manifestation of interaction effects between framed 
and non-framed configurations, it is omitted here to maintain concise
ness. Interested readers are referred to [18] for further details.

2. Definition of "in-plane and out-of-plane interaction effects" in 
framed URM walls

Despite the considerable number of experimental and numerical 
studies on the interaction between IP and OOP behaviors in framed URM 
walls, a unified definition of these interactions and the scenarios in 
which they occur does not exist in the literature. As a result, various non- 
interchangeable terminologies have emerged in the literature, often 
describing fundamentally different interaction scenarios. To address this 
gap, the present study proposes a structured classification system that 
consistently defines and categorizes the different types and scenarios of 
interaction using a set of uniform terminologies that encompass all 
possible variations. In the manuscript, the term "IP-OOP interaction ef
fects" in a framed URM wall refers to any influence that IP loading, 
deformation, or damage of the wall has on its OOP behavior, referred to 
as "IP/OOP interaction," and any influence that OOP loading, defor
mation, or damage of the wall has on its IP behavior, referred to as 
"OOP/IP interaction." Since framed walls are considered isolated ele
ments behaving individually rather than together with the panels of 
adjacent bays or stories, the other type of interaction wherein the IP and 
OOP responses of walls within a structure can, respectively, influence 
the OOP and IP behaviors of perpendicular walls intersecting with it, 
and vice versa, is neglected.

Either of the IP/OOP and OOP/IP interaction types can appear and 
be studied under different scenarios identified in the literature, which 
include the sequential (SQ), successive (SC), combined (CB), or simul
taneous (SM) application of IP and OOP loads, as shown in Fig. 1. In SQ 
loading, the wall is loaded and unloaded once in one of the IP or OOP 

lateral directions, and then the load is applied in the other orthogonal 
direction. Also, in the case of SC loading, the IP and OOP loads are 
applied separately. However, unlike SQ, multiple sequences of IP and 
OOP loadings are applied in succession to represent the effects of 
repeated loading and damage histories. In the case of CB loading, the 
tests are conducted by first applying an IP or OOP pre-load or pre- 
deformation in one lateral direction. Afterwards, the pre-load or pre- 
deformation is maintained constant, while the wall is loaded in the 
orthogonal direction. It is important to note that when a load is pre- 
applied, its resultant deformation can change during the subsequent 
loading step. On the other hand, when pre-deformation is applied, the 
force causing it can change during the subsequent steps, and hence, 
resulting in a different behavior than that obtained from the application 
of a pre-load. In the case of SM loading, the IP and OOP loads or de
formations are applied simultaneously with different levels of intensity 
for each of the orthogonal directions. The different loading sequences 
used for each interaction scenario are further distinguished via the ter
minology shown in Fig. 1. Specifically, the term "IP, OOP" is used for 
loading sequences that start with IP pre-damage or pre-deformation in 
the SQ or CB scenarios, and "IP, OOP, IP" is used for a similar sequence in 
the SC scenario. The term "OOP, IP" denotes SQ or CB loadings starting 
in the OOP direction, and "OOP, IP, OOP" is used for a similar sequence 
in the SC scenario. Finally, the simultaneous application of IP and OOP 
loads and deformation in the SM scenario is indicated with "IP + OOP."

The loading scenarios adopted in the study of IP-OOP interaction 
effects can be used to simulate pre-loads, pre-damage, and pre- 
deformations arising from a range of real-world sources. Some struc
tures may have experienced foundation settlement or rotation, resulting 
in slow, non-reversible deformations that induce pre-damage in both IP 
and OOP directions [19]. Similarly, previous seismic events may have 
caused cracking due to deformation demands in either or both IP and 
OOP directions [20]. Depending on the dominant mode of pre-damage, 
whether IP or OOP, the SQ loading scenario, which applies 
pre-damaging in one direction followed by loading in the other, provides 
the most appropriate representation of such conditions. Alternatively, 
SC loading can be used to capture the cumulative effects of multiple 
sequential events that induce damage in stages and influence the sub
sequent structural response. Other structures may be subjected to a 
combination of ongoing deformations or loadings concurrent with new 
actions. For example, wind loading, eccentric gravity effects, or mis
aligned construction may result in sustained deformations that are 
quasi-static in duration compared to the new actions [21–23]. With 
careful consideration of the direction and nature of the predominant 
ongoing action, these pre-loads and pre-deformations are best repre
sented by the CB loading scenario. Finally, some structures may expe
rience simultaneous IP and OOP loadings, leading to torsional responses 
as well as combined IP and OOP failure mechanisms [24]. Such 

Fig. 1. Examples of different loading sequences used in the study of IP-OOP interaction effects. For the meaning of abbreviations, please refer to the Nomenclature.
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conditions are typical of earthquakes, blasts, and impact events. Given 
the impulsive and short-duration nature of these loadings, they are most 
accurately replicated using the SM loading scenario.

3. Available research on IP-OOP interaction effects in framed 
URM walls

This section provides an overview of the experimental and numerical 
studies published on the IP/OOP and OOP/IP interaction effects in 
framed URM masonry walls. The approaches include testing wall spec
imens under laboratory conditions or conducting numerical simulations 
that represent real-world structures.

Experimental investigations, often conducted in controlled labora
tory settings, provide invaluable insights into the actual performance of 
masonry constructions under different loading scenarios [18,25]. In 
these tests, lateral loads are usually applied to simulate 
earthquake-induced forces, returning among others the shear resistance, 
stiffness degradation, and energy dissipation of the walls [26]. The 
number of experimental studies on the IP-OOP interaction effects in 
framed URM walls published until the current year (2025) is depicted in 
Fig. 2. The list of these experiments is reported in Table 1 along with the 
most relevant details of each study. It is noteworthy that, as mentioned 
above, the table reports only tests conducted on unreinforced specimens 
and specifically under IP-OOP interaction. Hence, while some of the 
studies may comprise additional experiments performed to investigate 
the interaction effects in novel or strengthened constructions, or speci
mens under pure IP or OOP load [17], these tests have not been included 
in Table 1. In the table, the name Infilled Masonry (IM) refers to panels 
built within a reinforced concrete (RC) or Steel frame; these differ from 
Confined Walls (CM), for which the construction of the surrounding 
frame comes after the masonry of the wall [27].

General observation of Fig. 2 shows that 39 research articles, theses, 
and conference contributions, reporting the results of experimental 
campaigns on the effects of IP-OOP interaction in framed URM walls 
have been published over the past 30 years. A significant increase in 
interest is observed in the 2010s, during which 85 % of the total research 
activities have been conducted. It is remarkable that studies on framed 
walls focusing on IP-OOP interactions, although numerous, constitute 
only about 10 % of the total experimental data on framed panels [2], 
with the other 90 % focusing on their response under pure IP or OOP 
load. The tests have been performed, with variations in the typology of 
both specimens and loading procedures. The former includes the 
geometrical scale of the specimens, the presence of openings or internal 
ties, and geometrical aspects such as height-to-thickness slenderness 
ratio and length-to-height aspect ratio, while the latter includes changes 
in the loading sequence and type, vertical stress level, and the level of 
pre-damage considered. The influence of such characteristics on the wall 

performance and the IP/OOP and OOP/IP interaction effects is discussed 
in 4.

The complexity, cost, and limitations in scalability of experimental 
setups have led to the increasing relevance of numerical modeling as a 
viable alternative to experimental campaigns to investigate the effects of 
IP-OOP interactions [5]. Thanks to their versatility and the moderate 
cost required to set up an analysis, numerical simulations allow for 
extensive investigations. Besides, they enable the study of parameters 
that are difficult to control or observe in physical experiments, such as 
the variations in material properties, boundary conditions, and loading 
[5]. Fig. 2 illustrates the number of published numerical studies for 
investigating the interaction effects in framed masonry walls since the 
very first experimental study was conducted. Moreover, Table 2 lists the 
relevant information of the framed URM specimens considered in these 
studies. The smaller number of numerical investigations compared to 
the experimental ones relates to the structural function of framed walls, 
which act as secondary elements contributing to the broader stability of 
the buildings. For this reason, numerical studies rarely focus on their 
individual behaviors, and use the understandings obtained from exper
imental studies to directly simulate the interaction effects in complete 
buildings or multi-bay frames [3,8,9,15,20,28–37]. Since the structural 
level performance is affected by many variables, from which the isola
tion of influences from IP/OOP and OOP/IP interactions is a challenge 
beyond the scope of this study, only the outcomes of 13 works [5,13,16, 
28,32,38–45] conducted for individual framed walls and multi-bay 
multi-story frames are included in Table 2 and the discussions of 4.

The numerical works are categorized based on the modeling 
approach they adopt, following the classification scheme proposed in 
[46] where different modeling techniques are distinguished based on 
their approach to the geometrical representation of masonry into 
Block-Based (BB), Continuum-Based (CoB), and Macro Element (ME) 
groups. In summary, Block-Based models follow a discrete cracking 
approach where a discontinuous geometry is assembled by continuum 
bodies separated by discontinuities that explicitly represent potential 
crack propagation paths. They use continuum rigid or deformable blocks 
connected via zero-thickness joints to represent masonry components 
and failure mechanisms at different scales, allowing them to account for 
masonry heterogeneity and brick-mortar interactions. They can be 
further classified into several categories, including, but not limited to, 
detailed and simplified micro-scale sub-categories. Detailed micro-scale 
(DMSBB) models, such as [47,48], simulate each masonry unit and 
mortar layer with separate continuum blocks, and use connectivity el
ements or contact algorithms to simulate the zero-thickness interaction 
surface between them [48] and the panel-frame connections. Simplified 
Micro-Scale Block-Based (SMSBB) models [49–68] lump the mechanical 
response of both mortar layers and mortar-unit interfaces into 
zero-thickness elements and virtually extend the masonry units by half 

Fig. 2. Number of publications per year focusing on the experimental and numerical study of framed unreinforced masonry walls under IP-OOP interaction effects.
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the thickness of the mortar layers [57]. These models can yield similar 
levels of accuracy as the detailed models, but with lower computational 
costs. Yet, their application is still limited to the study of the response of 
individual walls under quasi-static monotonic and cyclic loading 
[49–68].

Continuum-based approaches consider the masonry structure as one 
deformable continuum body [69]. Due to the continuity of the elements 
and the absence of discrete cracking paths, nonlinear behaviors and 
failures are diffused throughout the volume, following a smeared 
cracking approach. The continuum body is discretized into relatively 
bigger elements compared to block-based models, and unit-mortar in
teractions are implicitly incorporated in the constitutive behavior of the 
components, leading to fewer degrees of freedom and lower computa
tional demands [46]. The CoB models can be effectively employed to 
study the local structural responses of unreinforced and reinforced 
masonry constructions under multi-directional quasi-static and seismic 
actions.

In macro-element models, different components of a masonry panel 
are idealized into single or multiple beam-column or strut members 
connected together via pins or hinges [70]. The behavior of the elements 
is calibrated based on previous experiments, high-fidelity numerical 
models, or analytical formulations. Compared to previous groups, these 
models are more oriented towards using generalized phenomenological 
behaviors to replicate structural-level responses rather than local fail
ures. At the same time, by simplifying geometry into a reduced number 
of elements, the computational costs of using these models are signifi
cantly reduced. Hence, the macro-element models offer an invaluable 
engineering tool for the assessment and design of large structures under 

seismic loads, especially in engineering practices [46].

4. Current findings regarding IP-OOP interaction effects in 
framed URM walls

This section offers a summary of the key findings of previous 
experimental and numerical studies on the effects of IP-OOP interaction 
on the structural behavior of framed masonry walls. The IP-OOP inter
action effects are typically measured by comparing the IP or OOP 
strength and damage patterns of the specimens studied under IP/OOP 
interaction with those of their reference specimens under pure IP or OOP 
load of the same type. In addition, stiffness, and deformation corre
sponding to the initiation of cracking and the 20 % drop in strength 
(considered as the ultimate deformation capacity) are also compared 
[81,99]. The ratio between ultimate and cracking deformation is 
regarded as the indicator of the ductility of the specimen and is occa
sionally included in the comparisons. It should be noted that the pa
rameters mentioned here are not investigated in every single study and 
might be missing in some publications. A comprehensive description of 
each study is omitted due to the large number of experiments. Instead, 
the influence of various factors such as geometry, material properties, 
boundary conditions, interaction scenarios, and loading apparatus on 
the extent of IP-OOP interaction effects is discussed.

The number of tested specimens and simulated walls reported for 
each study in Table 1 and Table 2 is based on the descriptions provided 
in their respective publications. However, since parts of the outcomes 
miss fundamental information necessary to conduct this comparative 
study, only that part of the data pool with complete and verified 

Table 1 
Experimental studies regarding the effects of IP-OOP interaction on the response of framed unreinforced masonry walls. For the meaning of abbreviations, please refer 
to the Nomenclature. Parentheses show the number of specimens with the specific features.

Interaction 
Scenario Year Author(s)

URM
Interaction

Tests
(Number – Type)

Scale
(Test/Reality)

Masonry
Unit
Type

Mortar Type

Masonry
Prism 

Compressive
Strength 

(f ) [MPa]

Frame Type Opening
Type

Multi-bay 
Specimens

Length/Height
Aspect Ratio

(l/h)

Length/Thickness 
Slenderness Ratio

(h/t)

No.
Wythes

Panel
Thickness
(t) [mm]

Loading Scenario and 
Sequence

IP Loading
(Procedure, Apparatus, 
Boundary Conditions)

OOP Loading
(Procedure, Apparatus, 
Boundary Conditions)

Vertical Overburden
Stress/Strength 

(Columns + Wall) [%]

IP/OOP 1994 R. Angel et al. [71,72] 2 – IM 1/1 SCLB 1:1:6 (C:L:S) 10.9 RC – – 1.5 16.5 (1)
34.1 (1)

1 (1)
0.5 (1)

98 (1)
48 (1) SQ (IP, OOP) QSC, FD, DC QSM, AB, 2WB 4.4 + 0

3 – IM 1/1 SCLB 1:3 (L:S) 4.5 RC – – 1.5
8.7 (1)

16.5 (1)
34.1 (1)

2 (1)
1 (1)

0.5 (1)

143 (1)
98 (1)
48 (1)

SQ (IP, OOP) QSC, FD, DC QSM, AB, 2WB 4.4 + 0

2 – IM 1/1 HCB (V) 1:1:6 (C:L:S) (DHJ) 22.2 RC – – 1.5 11.4 (1)
17.7 (1) 1 187 (1)

92 (1) SQ (IP, OOP) QSC, FD, DC QSM, AB, 2WB 4.4 + 0

1 – IM 1/1 SCLB 1:3 (L:S) 4.6 RC – – 1.5 16.5 1 98 CB (IP, OOP) QSC, FD, DC QSM, AB, 2WB 4.4 + 0

1 – IM 1/1 HCB (V) 1:1:6 (C:L:S) (DHJ) 21.5 RC – – 1.5 11.4 1 143 CB (IP, OOP) QSC, FD, DC QSM, AB, 2WB 4.4 + 0

1999 R.D. Flanagan R.M. Bennett [73] 1 – IM 1/1 HCLB (H) 1:1:6 (C:L:S) 3 Steel – – 1.0 11.2 1 200 SQ (IP, OOP) QSC, FD, DC QSLUC, AB, 2WB 0 + 0

1 – IM 1/1 HCLB (H) 1:1:6 (C:L:S) 3 Steel – – 1.0 11.2 1 200 CB (IP, OOP) QSC, FD, DC QSLUC, AB, 2WB 0 + 0

2001 G. Calvi and D. Bolognini [74] 2 – IM 1/1 HCLB (H) 1:1:6 (C:L:S) 1.1 RC – – 1.5 23.9 1 115 SQ (IP, OOP) QSC, FD, DC QSM, FD, 1WB-B Not Specified + 0

2009 D.C. Rai et al. [75] 2 – IM 1/2 SCLB 1:1:6 (C:L:S) 6.6 RC – 1 (Q) 0.85 (1)
1.7 (1) 22.8 1 59.5 SC (OOP, IP, OOP) QSC, FD, DC Dyn, ST, 2WB 20 + 1.5

2011 M.F.P. Pereira et al. [76] 1 – IM 2/3 HCLB (H) 1:1:6 (C:L:S) 1.3 RC – – 2.5 11.3 1 150 SQ (IP, OOP) QSC, FD, DC QSM, AB, 2WB 40 + 0

2011 S. Komaraneni et al. [77] 1 – IM 1/2 SCLB 1:1:6 (C:L:S) 6.6 RC – – 1.7 11.0 1 165 SC (OOP, IP, OOP) QSC, FD, DC Dyn, ST, 2WB 20 + 1.5

2013 F. da Porto et al. [78,79] 2 – IM 1/3 HCLB (V) 1:1:6 (C:L:S) (DHJ) 6 RC – – 1.6 8.8 1 300 SQ (IP, OOP) QSC, FD, DC QSM, WF4PL, 2WB Not Specified + 0

2014 S. Hak et al. [80–82] 4 – IM 1/1 HCLB (V) 1:1:6 (C:L:S) (DHJ) 4.6 RC – (3)
D (1) – 0.5 (3)

1.4 (1) 8.4 1 350 SQ (IP, OOP) QSC, FD, DC QSLUC, WF4PL, 2WB 10 + 0

2014 V. Singhal and D.C. Rai [27] 1 – IM 1/2 SCLB 1:1:6 (C:L:S) 9.2 RC – 4 0.8 22.8 1 59 SC (OOP, IP, OOP) QSC, FD, DC Dyn, ST, 2WB 20 + 1.5

3 – CM 1/2 SCLB 1:1:6 (C:L:S) 9.2 RC – 4 0.8 22.8 1 59 SC (OOP, IP, OOP) QSC, FD, DC Dyn, ST, 2WB 20 + 1.5

2015 F. da Porto et al. [83] 3 – IM 1/1 HCLB (H) 1:1:6 (C:L:S) 2 RC – – 1.6 17.7 1 120 SQ (IP, OOP) QSC, FD, DC QSM, WF4PL, 2WB 40 + 0

2015 A. Furtado et al. [84,85] 1 – IM 1/1 HCLB (H) 1:1:6 (C:L:S) 0.6 RC – – 1.8 15.3 2 (Cav) 150-40-110 SQ (IP, OOP) QSC, FD, DC QSLUC, AB, 2WB 0 + 0

2016 V. Singhal and D.C. Rai [86,87] 1 – IM 1/2 SCLB 1:1:6 (C:L:S) 8.5 RC W 4 0.8 22.8 1 59.5 SC (OOP, IP, OOP) QSC, FD, DC Dyn, ST, 2WB 20 + 1.5

3 – CM 1/2 SCLB 1:1:6 (C:L:S) 8.5 RC W (2)
W + D (1) 4 0.8 22.8 1 59.5 SC (OOP, IP, OOP) QSC, FD, DC Dyn, ST, 2WB 20 + 1.5

2017 R. Sepasdar [88] and C. Wang [89] 3 – IM 1/2 HCB (V) 1:3:12 (C:L:S) 9.5 RC – – 1.4 10.9 1 200 SQ (IP, OOP) QSM, FD, DC QSM, AB, 2WB 0 + 0

2018 O. Onat et al. [90] 1 – IM 1/1 HCLB (H) 1:1:6 (C:L:S) 1.3 RC – – 2.5 10.2 1 220 SM (IP + OOP) Dyn, ST, DC Dyn, ST, 2WB 10 + 0

2018 P. Ricci et al. [91] 3 – IM 2/3 HCLB (H) 1:1:6 (C:L:S) 1.8 RC – – 1.3 22.8 1 80 SQ (IP, OOP) QSC, FD, DC QSM, WF5PL, 2WB 0 + 0

2018 P. Ricci et al. [92] 3 – IM 2/3 HCLB (H) 1:1:6 (C:L:S) 1.8 RC – – 1.3 15.2 1 120 SQ (IP, OOP) QSC, FD, DC QSM, WF5PL, 2WB 0 + 0

2019 C. Butenweg et al. [93,94] 1 – IM 1/1 HCLB (V) 1:1:6 (C:L:S) (DHJ) 3.1 RC – – 1.1 6.9 1 365 SC (IP, OOP, IP) QSC, FD, DC QSLUC, AB, 2WB 10 + 0

2019 M.T. De Risi et al. [95] 3 – IM 2/3 HCLB (H) 1:1:6 (C:L:S) 2.4 RC – – 1.0 22.8 1 80 SQ (IP, OOP) QSC, FD, DC QSM, WF5PL, 2WB 0 + 0

2019 S.L. Sagar et al. [96] 1 – IM 1/2 SCLB 1:1:6 (C:L:S) 8.1 RC – – 1.8 17.1 1 76 SC (OOP, IP, OOP) QSC, FD, DC Dyn, ST, 2WB 20 + 1.5

2020 E. Nasiri and Y. Liu [43] 3 – IM 1/2 HCB (V) 1:1:6 (C:L:S) 17.1 RC – – 1.4 10.9 1 90 SQ (IP, OOP) QSM, FD, DC QSM, AB, 2WB 0 + 0

2020 F. Akhoundi et al. [97,98] 3 – IM 1/2 HCLB (H) 1:1:6 (C:L:S) 2.25 RC – – 1.5 19 2 (Cav) 80-10-60 SQ (IP, OOP) QSC, FD, DC QSLUC, AB, 2WB 40 + 0

2020 F. da Porto et al. [99] 3 – IM 1/1 HCLB (H) 1:1:6 (C:L:S) (DHJ) 1.2 RC – (2)
D (1) – 1.6 8.8 1 300 SQ (IP, OOP) QSC, FD, DC QSM, WF4PL, 2WB 40 + 0

2021 G. Santarsiero et al. [100] 1 – IM 1/1 HCLB (H) 1:1:6 (C:L:S) Not Specified RC – – 1.6 8.7 2 (Cav) 120-100-80 SQ (IP, OOP) QSC, FD, DC –, AV, 2WB 10 + 0

2021 M. Di Domenico et al. [101] 2 – IM 2/3 HCLB (H) 1:1:6 (C:L:S) 1.3 RC – – 1.0 15.2 1 120 SQ (IP, OOP) QSC, FD, DC QSM, WF5PL, 2WB 0 + 0

2025 P. Morandi et al. [102] 3 – IM 1/1 HCLB (H) 1:3:12 (C:L:S) 1.1 Composite – – 1.3 11 1 120 SQ (IP, OOP) QSC, FD, DC Dyn, ST, 2WB 0 + 0

OOP/IP 1993 R.C. Henderson et al. [103] 1 – IM 1/1 HCLB (H) 1:1:6 (C:L:S) 3.3 Steel – – 1.2 22.6 1 300 SQ (OOP, IP) QSC, FD, DC QSC, FD, 1WB-Ct 0 + 0

1999 R.D. Flanagan R.M. Bennett [73] 3 – IM 1/1 HCLB (H) 1:1:6 (C:L:S) 3 Steel – – 1.0 11.2 1 200 SQ (OOP, IP) QSC, FD, DC QSLUC, FD, 1WB-Ct (2)
QSLUC, AB, 2WB (1) 0 + 0

2018 V. Palieraki et al. [104] 1 – IM 1/1 HCLB (H) 1:1:6 (C:L:S) 3.5 RC – – 1.3 25.9 1 90 SQ (OOP, IP) QSC, FD, DC QSLUC, WF6PL, 2WB 0 + 0

2019 C. Butenweg et al. [93,94] 1 – IM 1/1 HCLB (V) 1:1:6 (C:L:S) (DHJ) 3.1 RC – – 1.1 6.9 1 365 CB (OOP, IP) QSC, FD, DC QSM, AB, 2WB 10 + 0
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information is used herein. The entire findings of each study are not re- 
iterated in the text, as parts of the outcomes from different campaigns 
overlap. For the sake of brevity, the findings from experimental tests are 
established as the primary references for investigating IP-OOP interac
tion effects, and the results of numerical investigations are used as 
complementary information to fill in the gaps or address topics not 
examined through experimentation. Accordingly, the findings of 
experimental studies are regarded as the most representative of the 
actual behavior of framed walls and are critically analyzed. Numerical 
studies, having typically calibrated their models against specific exper
imental benchmarks [13,41–43,45,51,89], are considered to provide 
non-generalizable auxiliary insights and are referenced primarily in 
cases where experimental data are limited or unavailable. It should be 
noted that only the outcomes and observations already reported or 
visualized in the original publications are reiterated and cross-compared 
in this manuscript. In other words, no new interpretations or 
post-processing of the reviewed data are introduced. All observations 
and comparisons are strictly based on information available in the cited 
works. However, to maintain the readability and flow of the text, indi
vidual citations are not provided at the end of each sentence discussing 
those works.

Studies of the influence of different strengthening techniques, such 
as the use of textile-reinforced mortar joints [105,106], surface rein
forcement with steel [76] or regular [78,83] and fiber-reinforced [78, 
79,83,96,107] plaster or insulation [105,106], bed joint reinforcement 
[90,108], head and bed joint reinforcement [99], use of cementitious 
matrix [96], etc., on IP-OOP interaction effects are reported for the sake 
of completeness; however, only the outcomes of the experiments con
ducted on unreinforced specimens are discussed, while the parts 
regarding the impact of strengthening are disregarded. The endeavors 
on the development of novel construction techniques, especially in 

framed walls, such as the use of sliding joints between masonry units 
[82,109] or special connections between frames and decoupled infills 
[7,94,110], are also excluded. Finally, the effect of different parameters 
on the behavior under pure IP or OOP loading is not discussed when it 
does not contribute to understanding the interaction effects.

Overall, 85 % of the tests, including the 12 with a starting OOP 
loading [27,75,77,86,87,96] and the 1 under simultaneous IP and OOP 
loading [90] as well as 70 % of numerical simulations [13,41–43,45,51, 
89] focus on the effects of IP/OOP interaction rather than OOP/IP 
interaction. This is justified by the practical limitations of experimental 
settings and the lack of data to validate numerical OOP/IP simulations 
[16]. Moreover, studies have shown that prior low-to-moderate OOP 
damage in framed panels has only minor effect on the IP behavior [73, 
103]. Finally, common failures observed in framed URM walls during 
earthquake events are in the OOP direction, which is highly sensitive to 
IP pre-damage with cracks propagating through the entire thickness of 
the wall along the crack paths, calling for more focus on IP/OOP 
interaction effects [2,17]. In the next subsections, first, the findings on 
the influence of IP/OOP interaction on OOP behavior are reported, and 
then the 4 experimental [73,93,103,104] and 6 numerical [5,16,28,32, 
38,40] studies focusing on the IP response under the influence of 
OOP/IP interaction are discussed.

4.1. Effects of IP response on the OOP wall behavior (IP/OOP 
interaction)

Although IP/OOP interaction effects can arise from different sources 
of IP action, such as settlement [111], the current studies in the litera
ture primarily focus on interactions caused by seismic actions, i.e. IP 
lateral actions simulating the effects of earthquakes. Fig. 3 shows the 
outcome of the experimental investigations of IP/OOP interaction 

Table 2 
Numerical studies regarding the effects of IP-OOP interaction on the response of framed unreinforced masonry walls. For the meaning of abbreviations, please refer to 
the Nomenclature. Parentheses show the number of specimens with the specific features.

Interaction 
Scenario Year Author(s)

URM
Interaction
Specimens

(Number – Type)

Numerical 
Modeling 
Approach

Masonry
Unit
Type

Mortar Type

Masonry
Prism 

Compressive
Strength 

(f ) [MPa]

Frame 
Type

Opening
Type

Multi-bay 
Specimens

Length/Height
Aspect Ratio

(l/h)

Length/Thickness 
Slenderness Ratio

(h/t)

No.
Wythes

Panel
Thickness
(t) [mm]

Loading Scenario 
and Sequence

IP Loading
(Procedure, Apparatus, 
Boundary Conditions)

OOP Loading
(Procedure, Apparatus, 
Boundary Conditions)

Vertical Overburden
Stress/Strength 

(Columns + Wall) [%]

Pre-Damage 
Levels

IP/OOP 2016 T.Y.P. Yuen et al. [5] 2 – IM SMSBB HCLB (V) 1:1:6 (C:L:S) 5.0 RC – (1)
PF (1) 2 (2St – 2Ba) 2.8 8.9 1 300 SM (IP + OOP) Dyn, ST, – Dyn, ST, 2WB 0 + 0 4 (2)

2017 V. Bahreini [39] 4 – IM SMSBB SCB 1:1:6 (C:L:S) 13.6 RC – – 1.0 (2)
2.0 (2) 30.6 1 92 CB (IP, OOP) QSM, FD, DC QSM, AB, 2WB 1.1 + 5.2 (2)

0 + 0 (2) 3 (4)

2 – IM SMSBB SCB 1:1:6 (C:L:S) 13.6 RC – – 1.0 (1)
2.0 (1) 30.6 1 92 CB (IP, OOP) QSM, FD, DC Dyn, ST, 2WB 1.1 + 5.2 3 (2)

2018 F. Di Trapani et al. [41] 2 – IM ME HCB (V) (DHJ) (1)
SCLB (1) 1:1:6 (C:L:S) 4.5 (1)

2.3 (1) RC – – 1.5 17.7 (1)
34.1 (1) 1 92 (1)

48 (1) SQ (IP, OOP) QSC, FD, DC QSM, WFMiPL, 2WB 4.4 + 0 4 (2)

2018 F. Mazza [42] 3 – IM ME HCLB (H) 1:1:6 (C:L:S) 0.4 RC – – 1.5 (2)
1.25 (1)

13.8 (2)
16.6 (1) 2 (Cav) 120-50-120 SM (IP + OOP) QSC, FD, DC QSC, WFMiPL, 2WB

2.8 + 0 (1) 
15.9 + 0 (1) 
24.8 + 0 (1)

1 (3)

3 – IM ME HCLB (H) 1:1:6 (C:L:S) 1.5 RC – – 1.5 (2)
1.25 (1)

41.2 (2)
50.0 (1) 1 80 SM (IP + OOP) QSC, FD, DC QSC, WFMiPL, 2WB

2.8 + 0 (1) 
15.9 + 0 (1) 
24.8 + 0 (1)

1 (3)

3 – IM ME HCLB (V) 1:1:6 (C:L:S) 3.9 RC – – 1.5 (2)
1.25 (1)

11.0 (2)
13.3 (1) 1 300 SM (IP + OOP) QSC, FD, DC QSC, WFMiPL, 2WB

2.8 + 0 (1) 
15.9 + 0 (1) 
24.8 + 0 (1)

1 (3)

2020 E. Nasiri and Y. Liu [43] 9 – IM SMSBB HCB (V) 1:1:6 (C:L:S)
8.0 (3)
12.0 (3)
16.0 (3)

RC – –
0.8 (3)
1.0 (3)
1.3 (3)

18 (3)
14 (6) 1 200 SQ (IP, OOP) QSM, FD, DC QSM, AB, 2WB 0 + 0 4 (9)

2 – IM SMSBB HCB (V) 1:1:6 (C:L:S) 12.0 RC – – 1.0 18.6 (1)
28 (1) 1 150 (1)

100 (1) SQ (IP, OOP) QSM, FD, DC QSM, AB, 2WB 0 + 0 4 (2)

3 – IM SMSBB HCB (V) 1:1:6 (C:L:S) 12.0 RC – –
0.8 (1)
1.0 (1)
1.3 (1)

18 (1)
14 (2) 1 200 SQ (IP, OOP) QSC, FD, DC QSM, AB, 2WB 0 + 0 4 (3)

2020 X. Wang et al. [44] 7 – IM SMSBB SCLB 1:1:6 (C:L:S)
4.9 (1)
10.9 (5)
16.9 (1)

RC – –
0.75 (1)
1.5 (5)
2.3 (1)

17 (1)
26 (1)
34 (5)

1
48 (5)
63 (1)
96 (1)

SQ (IP, OOP) QSM, FD, DC QSM, AB, 2WB 4.4 + 0 2 (7)

2020 L. Cavaleri et al. [45] 3 – IM CoB SCLB 1:1:6 (C:L:S) 4.6 RC – – 0.9
8 (1)

12 (1)
24 (1)

1
300 (1)
200 (1)
100 (1)

SQ (IP, OOP) QSC, FD, DC QSM, AB, 2WB 4.4 + 0 5 (3)

3 – IM CoB SCLB 1:1:6 (C:L:S) 4.6 RC – – 0.6
12 (1)
18 (1)
36 (1)

1
300 (1)
200 (1)
100 (1)

SQ (IP, OOP) QSC, FD, DC QSM, AB, 2WB 4.4 + 0 5 (3)

3 – IM CoB SCLB 1:1:6 (C:L:S) 3.0 RC – – 0.9
8 (1)

12 (1)
24 (1)

1
300 (1)
200 (1)
100 (1)

SQ (IP, OOP) QSC, FD, DC QSM, AB, 2WB 4.4 + 0 5 (3)

4 – IM CoB SCLB 1:1:6 (C:L:S) 3.0 RC – – 0.6
12 (2)
18 (1)
36 (1)

1
300 (2)
200 (1)
100 (1)

SQ (IP, OOP) QSC, FD, DC QSM, AB, 2WB 4.4 + 0 5 (4)

2021 B. Pradhan et al. [13] 18 – IM ME HCLB (V) 1:1:6 (C:L:S)

1 (3)
2 (3)
3 (3)
4 (3)
5 (3)
6 (3)

RC – – 1.0
8.6 (6)
13 (6)
26 (6)

1
300 (6)
200 (6)
100 (6)

SQ (IP, OOP) QSC, FD, DC QSM, WFMiPL, 2WB 0 + 0 7 (18)

6 – IM ME HCLB (V) 1:1:6 (C:L:S) 1 (3)
6 (3) RC – – 1.5

8.6 (2)
13 (2)
26 (2)

1
100 (2)
200 (2)
300 (2)

SQ (IP, OOP) QSC, FD, DC QSM, WFMiPL, 2WB 0 + 0 7 (6)

6 – IM ME HCLB (V) 1:1:6 (C:L:S) 1 (3)
6 (3) RC – – 2.0

8.6 (2)
13 (2)
26 (2)

1
100 (2)
200 (2)
300 (2)

SQ (IP, OOP) QSC, FD, DC QSM, WFMiPL, 2WB 0 + 0 7 (6)

OOP/IP 2007 A. Hashemi and K.M. Mosalam [38] 1 – IM CoB SCLB 1:1:6 (C:L:S) 2.0 RC – – 0.7 25.4 1 100 CB (OOP, IP) QSM, FD, DC QSM, AB, 2WB 0 + 0 5 (1)

8 – IM ME SCLB 1:1:6 (C:L:S)
1.0 (1)
2.0 (6)
4.0 (1)

RC – – 0.7
20.6 (1)
25.4 (6)
46.3 (1)

1
56 (1)

100 (6)
126 (1)

CB (OOP, IP) QSM, FD, DC QSM, WFMiPL, 2WB 0 + 0

12 (2)
11 (2)
9 (3)
8 (1)

2016 T.Y.P. Yuen et al. [5] 3 – IM SMSBB SCLB 1:1:6 (C:L:S) 5.0 RC
– (1)
D (1)
PF (1)

– 2.2 24.1 1 115 CB (OOP, IP) QSM, FD, DC QSM, AB, 2WB 5 + 1 3 (3)

2016 J. Kong et al. [16] 1 – IM SMSBB SCLB 1:1:6 (C:L:S) 11.5 RC – – 1.5 16.5 1 98 CB (OOP, IP) QSM, FD, DC QSM, AB, 2WB 4.4 + 0 4 (1)

2017 M. Donà et al. [28] 12 – IM ME HCLB (V) (6) 
HCLB (H) (6) 1:1:6 (C:L:S) (DHJ) 6.0 (6)

4.5 (6) RC –
4 (2St – 5Ba)
4 (3St – 2Ba)
4 (5St – 2Ba)

1.6 (6)
1.5 (6)

9.5 (6)
25.6 (6) 1 300 (6)

115 (6) SM (IP + OOP) QSM, FD, – QSM, WFMiPL, 2WB 0 + 0 4 (12)

2017 M. Di Domenico et al. [40] 1 – IM ME HCLB (H) 1:1:6 (C:L:S) 2.4 RC – – 1.3 28.0 1 100 SM (IP + OOP) Dyn, ST, DC Dyn, ST, 2WB 0 + 0 22 (1)

2022 M. Donà et al. [32] 8 – IM ME HCLB (H) 1:1:6 (C:L:S) 1.1 RC –

2 (2St – 4Ba)
2 (3St – 2Ba)
2 (3St – 1Ba)
2 (6St – 2Ba)

1.5 26.1 1 115 SM (IP + OOP) QSM, FD, – QSM, WFMiPL, 2WB 0 + 0 5 (8)
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effects in framed URM walls in the form of changes in the OOP strength, 
stiffness, and deformation capacity. The y-axis in the sub-figures rep
resents the ratio of OOP strength, stiffness, or deformation capacity of 
each specimen to that of its pristine counterpart. The varying parameter 
illustrated in each sub-figure is indicated in bold text above the corre
sponding sub-figure area. Since the reviewed studies adopt different 
loading scenarios, the magnitude of IP action (x-axis in the figure) may 
represent pre-damage, pre-deformation, or simultaneous deformation, 
depending on the specific experimental protocol. To enhance visual 
clarity and readability, the axis titles are not repeated for each 
sub-figure. Instead, the y-axis title is placed on the right-hand side of the 
sub-figures, and a single x-axis title is provided below the bottom row. 
The average (Avg), 16th percentile (Avg+StDv), and 84th percentile 
(Avg+StDv) of the data at different IP action levels are shown in each 
subfigure via solid, dotted, and dashed lines respectively. The lines are 
generated by calculating the statistical information of data points within 
IP drift intervals of 0.4 % (i.e., 0–0.4 %, 0.4–0.8 %, 0.8–1.2 %, etc.) and 
connecting them together to approximate the trend of changes in OOP 
performance.

The data points, shown with colored hollow circles, are extracted 
either directly by collecting quantified interaction effects reported in the 
publications listed in Table 1 or by digitizing and interpreting the 
interaction effects from their visualized outputs. Regarding OOP 
strength, values are taken either as the peak capacity of specimens under 
quasi-static loading or as the highest applied loading intensity in cases of 
dynamic testing. For stiffness data, changes in the elastic stiffness of the 
specimens are considered. Several definitions of elastic stiffness are 
available in the literature. In this review, for quasi-static tests, elastic 
stiffness is defined as the secant stiffness, computed from the slope of the 
force-displacement curve at 70 % of the peak force resistance, following 
the approach in [81]. For dynamically tested specimens, stiffness 
changes are assumed proportional to the square of the change in the 
fundamental frequency, following [90,100,112]. For deformation ca
pacity, not only do different studies have different definitions, but also 
the definition varies by loading type. In this review, in quasi-static tests, 
the deformation corresponding to a 20 % strength drop is used for 
specimens exhibiting softening behavior, as done in [81], while for those 
without observable softening the final recorded deformation is used. In 
dynamic tests, the maximum deformation recorded during the loading 
history is considered. It should be noted that maximum deformations are 
consistently taken from the location of peak displacement in the speci
mens, typically at mid-height and mid-length, due to the use of two-way 
bending or one-way beam-like OOP boundary conditions across all 
experiments.

The data points correspond exclusively to specimens for which 
experimental data of their pristine counterparts under pure OOP loading 
and no interaction effects are available. Among all studies reviewed in 
this manuscript, the twelve experimental specimens reported in [78–83, 

99] do not fully meet this criterion. However, 6 of these specimens are 
still included in the figure. For 3 specimens [80–82], the original pub
lications define the expected pristine behavior based on the response of 
the specimen with the lowest level of pre-damage. For another 3 spec
imens [99], the expected pristine response is derived from analytical 
interaction curves. As a result, only 2 specimens from [78,79], 3 speci
mens from [83] and 1 specimen from [80–82] are excluded from the 
figure.

Fig. 3 illustrates a significant scatter in the experimental outcomes, 
particularly regarding the changes in OOP strength, primarily due to the 
differences among the specimens tested in each study. Nevertheless, 
general trends can be observed. Specifically, the increase in IP pre- 
damage, pre-deformation, and simultaneous IP deformation is shown 
to reduce OOP strength and stiffness, while increasing the OOP defor
mation of walls.

Experimental works suggest that if IP pre-damage or pre- 
deformation is below a critical intensity corresponding to the observa
tion of first IP damage, interaction effects do not appear, and the OOP 
behavior will remain similar to that of pristine specimens purely loaded 
in the OOP direction [73,91,98]. In fact, low intensity IP pre-load or 
deformation, wherein the specimen remains in the elastic phase of its IP 
response, might as well improve the OOP strength and stiffness by 
developing compressive struts in the wall and enhancing the OOP 
arching actions [51,101]. Different IP pre-damage or pre-load thresh
olds instigating the effects on OOP response are reported in experi
mental and numerical studies, yet there is a large scatter in the 
observations, leading to the proposition of thresholds ranging between 
0 % and 0.65 % IP drifts (see 5.2).

Larger IP pre-damage or pre-deformation leads to a reduction in both 
strength and stiffness in the OOP direction, as well as to an increase in 
deformation at cracking, peak strength, and ultimate capacity points. 
The changes become more severe with the progression of pre-damage or 
pre-deformation [88,95,98]. This occurs not only because of the reduced 
integrity of the panel, but also due to the change of boundary conditions, 
such as the formation of gaps at the frame/panel interface, and the frame 
stiffness reduction in case of concrete cracking or steel yielding [76]. 
Moreover, the amount of energy dissipation during OOP deformation 
decreases in the case of IP pre-damage or pre-deformation, as the 
re-opening of cracks developed during IP loading requires less energy 
[98]. Although the location of damage caused by IP actions can also 
influence the extent of IP/OOP interaction effects, this aspect is not 
adequately explored in the available studies, as the majority of them 
consider IP double-clamped and OOP two-way bending boundary con
ditions for the walls [74].

Similar outcomes are observed when the effect of IP pre-damage or 
pre-deformation on the development of OOP failure modes is discussed. 
Low pre-damage causes new local failures at the early phases of the OOP 
loading in certain wall regions that would not be damaged otherwise 

Fig. 3. Overview of data points collected from the outcomes of experimental investigations on the effects of IP/OOP interaction on OOP behavior of framed URM 
walls. For the meaning of abbreviations, please refer to the Nomenclature.
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[80,93]. However, the subsequent cracking during OOP response is not 
influenced by those minor damages [98]. Under larger IP pre-damage or 
pre-deformation conditions, OOP cracks are observed to propagate 
along the same cracks that developed during the previous IP loading 
phase, as less force is required to re-open such cracks [71,86,87]. Minor 
purely OOP cracks might form then only at the final OOP loading stages 
[71]. In general, the interaction effects gradually diminish, and the walls 
reach a stable state with no further performance deterioration after 
exceeding a certain amount of IP pre-damage [74], maintaining a re
sidual capacity in the OOP direction and continuing to contribute to the 
structural response [90]. On the other hand, walls pre-loaded or 
pre-deformed in the IP direction exhibit a progression of OOP behaviors 
similar to those of pre-damaged walls, yet with a faster deterioration in 
OOP performance for larger IP pre-load and pre-deformation [51,101].

The severity of the interaction effects at a certain pre-damage or pre- 
deformation level varies with the geometrical and mechanical attributes 
of the walls [17]. The following subsections discuss the outcomes of 
previous studies based on specimen characteristics and test setups to 
identify the effect of different factors on the IP/OOP interaction effects.

4.1.1. Specimen configurations
The experimental and numerical studies on the effect of IP/OOP 

interaction are classified in this section, as depicted in Fig. 4, based on 
the following configurations: wall type (Fig. 4.A), number of bays 
(Fig. 4.B), and presence of openings (Fig. 4.C). More than 90 % of the 
framed masonry experimental specimens are formed of infilled panels, 
and only 6 confined walls are studied in one campaign [27,86]. A similar 
noticeable absence of data for IP/OOP interaction effects is exhibited in 
multi-bay specimens and walls with openings. The 6 CM and 3 IM walls 
of [27,75,86] are the only multi-bay specimens investigated. These 
panels have the same geometry as the single-bay specimens tested in the 
same experimental campaign, but partitioned into 8 double- [27,86] and 
1 quadruple-bay [75] panels via vertical and horizontal concrete ele
ments. Notably, 2 of the double-bay CM [86] employ vertical indenta
tion, known as toothing, to improve the connection between the 
masonry panels and the vertical concrete members. Moreover, all the 8 
double-bay [27,86] specimens are constructed via similar materials. 
While the focus on single-bay specimens is primarily due to financial and 
equipment constraints, the prevailing presence of walls lacking opening 
highlights the need for a thorough understanding of more complicated 
configurations. Only 6 panels with opening are tested [80,86,99]
including 3 CM walls with two symmetrical windows each, 2 IM walls 
with a door at the middle of each [80,99], and 1 CM wall [86] with a 
door and a window. The CM specimens utilize vertical and horizontal 
ties around the openings [86], while the IM panels are tested without 

such confinement around windows and doors. Preti et al. [109] and 
Milanesi et al. [82] investigate two additional specimens with door 
openings but built with new construction techniques and not adhering to 
common unreinforced masonry building practices. Finally, numerical 
studies do not include instances of multi-bay specimens or specimens 
with openings.

Very limited data is available regarding the IP/OOP interaction ef
fects in CM and multi-bay specimens. Nevertheless, the data available in 
[27,75,86] and illustrated in Fig. 5 offer interesting insight. The use of 
internal tie elements and columns to divide the panels into multiple bays 
helps to mitigate OOP drifts and improves IP response and energy 
dissipation, thus delaying OOP failures to higher IP damage levels [27, 
75,86]. However, it should be noted that internal ties are shown to also 
cause localized stress concentrations, which can trigger premature 
in-plane damage [113]. The single-bay CM panel, tested with a strong 
frame [65,67], demonstrates better OOP stability after IP loading than 
the tested IM panels, with its collapse delayed to a higher pre-damage 
level (2.2 % compared to 1.2 %), accompanied by smaller variations 
in OOP stiffness. Similar conclusions are drawn when comparing the 
double-bay CM specimen from the same campaign with its IM coun
terpart. CM specimens also exhibit distinctive failure patterns when 
compared to IM specimens, owing to different construction methods. 
While IM walls undergo significant OOP deflection, with the develop
ment of an arching action after the last IP pre-damage level, leading to 
overturning and consequent collapse, CM walls do not show large OOP 
deformation, and their failure appears in form of diagonal cracks 
extended from the middle of the panels to the corners and plastic 
deformation at the column ends. In fact, CM walls exhibit better com
posite action with the frame and behave more like a shear wall, delaying 
the risk of OOP collapse to the highest pre-damage levels. The tests of 
[27] indicate that the coupling of tie elements is more effective with CM 
walls, since horizontal and vertical cracks may develop at the mason
ry/concrete intersections in IM walls, leading therefore to collapse at 
lower IP damage levels. Moreover, the use of toothing between panels 
and vertical concrete members helps prevent the concentration of cracks 
and compressive failure at mid-height of the columns. Instead, damage 
spreads more evenly across the surface, leading to lower chances of local 
failures and enhancing OOP stability. Given the fundamental differences 
in how CM and IM respond to interaction effects, and considering the 
limited number of experimental investigations focused on CM, further 
research, particularly experimental, is essential to achieve a more 
comprehensive understanding of CM wall behavior. Such studies would 
also yield reliable benchmarks for the calibration and validation of nu
merical models.

An evident knowledge gap is also observed regarding the influence of 

Fig. 4. Categorization of URM framed walls experimentally studied for the IP/OOP interaction effects based on type of specimen (A), number of bays (B), and 
presence of openings (C). The number of experimental specimens in each category is written in the legends.
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openings on IP/OOP interaction effects. Information regarding the 
experiment of [80,81] on the IM wall with a full-height door opening is 
not available and only the results of its IP testing are reported in [114]. 
Examples of the available experimental data are shown in Fig. 6. Only 1 
other IM wall with a door opening is tested by [99] and exhibits good 
OOP capacity post-IP damage, showing OOP strength reduction only at a 
high IP pre-damage level, like the reference wall without opening. This 
low sensitivity to openings is because the propagation of cracks in the 
opening wall divides each pier into smaller portions that, instead of 
simply falling off the wall, interlock and maintain the overall OOP 
strength of the wall [115]. The double-bay IM specimen with window 
openings from [27,86,87] does not show any higher OOP vulnerability 
compared to its counterpart with no opening, maintaining stability at 
even higher IP damage levels (2.2 % IP drift compared to 1.4 %). The 
main difference consists of a change in IP deformation, with rocking 
motion of the pier between the openings and significant cracks at the 
window corners. Similarly, the walls without openings tested by [99]
show ductile response with increased OOP deformation capacities after 
IP pre-damage compared to pristine walls, whereas the wall with the 
full-height opening exhibits no changes in its OOP deformation capacity 
post-IP damaging. The latter is related to crushing at the pier corners, 
aggravated by diagonal cracks from IP loading [99]. Another contrib
uting factor to the greater vulnerability of the wall with an opening is 
cited as the reduced contribution of the horizontal arching mechanisms 
to the OOP response due to the presence of a full-height opening, which 
also separates the left and right piers and causes them to act indepen
dently. It is noted in [99] that a lintel and a small spandrel above the 

opening can significantly mitigate the effect of IP pre-damage: the lintel 
allows for the simultaneous activation of piers and spandrel, leading to a 
more homogeneous crack distribution, similar to that of a specimen 
without openings. Also, for CM specimens, [86,87] observe that the use 
of confining elements around the openings significantly reduces the 
negative consequences of the IP/OOP interaction effects. Continuous 
tie-beams at the top and bottom of the windows are most effective, 
distributing the cracks uniformly, and maintaining OOP strength and 
ductility even after severe IP pre-damage (2.2 % IP drift). It should be 
noted that the middle pier between the door and window in one of the 
CM panels exhibits significant distortion at an IP pre-damage level above 
1 % IP drift, highlighting the need for strengthening.

4.1.2. Panel geometry
This section summarizes the outcomes of the IP/OOP interaction 

investigations, considering variations in terms of specimen scale, num
ber of wythes, IP length-to-height aspect ratio (l/h), OOP height-to- 
thickness slenderness ratio (h/t), and panel thickness (t).

Regarding the scale of the investigated specimens, although the 
many of the tests are conducted on full-scale specimens, a significant 
number involve scaled specimens, with 21 half-scale [27,43,75,77,86, 
88,89,96,98] and 12 two-thirds-scale [76,91,92,95,101] panels (see 
Fig. 7.A) due to limitations of testing facilities. As regards the thickness 
of the specimens, Fig. 7.A shows that 87 % of the tested specimens are 
constructed in a single-leaf, single-wythe configuration, as framed walls 
are commonly built in practice. The specimens of Angel et al. [71]
include 2 half-wythe and 1 double-wythe panels. The half-wythe walls 

Fig. 5. Example results of IP/OOP interaction effects in walls tested with different types and configurations. The data are extracted from [27,75,86]. For the meaning 
of abbreviations, please refer to the Nomenclature.

Fig. 6. Example results of IP/OOP interaction effects in walls tested with and without window opening. The data are extracted from [27,86,87,99]. For the meaning 
of abbreviations, please refer to the Nomenclature.
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are constructed using bricks that are split in half in their thickness di
rection. A total of 5 double-leaf cavity walls with a single-wythe inner 
wall and a single-wythe veneer, with no in-between connection, are 
tested in [85,98,100]. Specifically, the inner leaf of all 5 specimens is 
first loaded in the IP direction, while both of their leaves are then tested 
in the OOP direction.

The l/h aspect ratio has a considerable influence on the response of 
the walls to IP loading, while the h/t slenderness ratio is of primary 
importance for the OOP response. According to Fig. 7.C and Fig. 7.D, a 
diverse range of geometrical configurations are studied, with aspect 
ratios spanning between 0.5 and 2.5 and slenderness ratios ranging from 
6.9 to 50.0. Both figures show satisfactory distribution between different 
l/h and h/t values, with experimental data missing only at the extremes 
(l/h>1.8 and h/t > 25). The numerical studies generally focus on 
squatter (0.6 <l/h<1.0) and less slender panels (5.0 <h/t < 20.0); they 
also generate data for walls with high slenderness ratios (h/t > 30). A 
categorization is made based on the thickness of the panels in Fig. 7.E. 
Since many scaled specimens have been tested, comparing the raw 
geometrical dimensions is inconclusive [92]. Hence, the thickness of the 
experimental specimens is normalized to the full (1:1) scale. Previous 
studies established a thickness of 200–250 mm as a threshold to 
distinguish between thick and normal walls [17]. It can be observed that 
all reasonable variations of the normalized thicknesses are adequately 
covered, except for experimental tests conducted on thin panels with 
normalized thicknesses less than 100 mm. Nevertheless, this gap is 
compensated for in numerical campaigns.

Regarding scale effects, none of the existing studies investigate full- 
scale specimens alongside their small-scale counterparts. As a result, the 
influence of scale on interaction effects remains unreported and in need 

of future research. The experimental studies also report no sensitivity of 
the IP/OOP interaction effects due to the presence of a cavity, or the 
number of wythes. However, the numerical work conducted in [42] to 
investigate the structural response of walls under simultaneous cyclic 
IP/OOP loading reveals a larger and faster reduction in OOP strength 
and stiffness for the modelled cavity wall compared to a single-wythe 
single-leaf wall with similar thickness and geometry under the same 
loading conditions. However, the presence of the cavity might not be the 
primary cause of the reported differences. Each individual leaf in the 
cavity wall has a thickness less than half the thickness of the original 
single-wythe wall. Therefore, each leaf, being more slender, is expected 
to have been more sensitive to IP/OOP interactions individually as 
explained in the next paragraph.

The slenderness ratio of the panels is shown to greatly influence the 
IP/OOP interaction [101], although the conducted investigations lead to 
contradictory conclusions. It is stated in [80] that thicker walls experi
ence less damage compared to thin walls at different IP drift levels, 
resulting in lower OOP strength reduction. Moreover, according to [71], 
horizontal and vertical OOP arching effects are less activated in more 
slender walls, which results in reduced OOP stability and increased 
consequences of the IP/OOP interaction. Examples of experimental data 
regarding interaction effects in walls with different geometries are 
illustrated in Fig. 8. Supporting the above observations, the tests of [91, 
92] on 2 (l/h=1.3) squat walls with different slenderness (h/t = 15.3 
and 22.9) show faster degradation in the OOP performance in slender 
walls. However, the experiments of [71] and [74] contradict the above 
findings, as no prominent difference is observed between the progres
sion of interaction effects in 2 of their walls with identical aspect ratios 
(l/h=1.5) and different thicknesses (h/t = 34.1 and 23.9, respectively). 

Fig. 7. Geometrical variations explored in experimental and numerical studies of IP/OOP interaction effects in framed URM walls: scale (A) and number of wythes 
(B) in experimental specimens, and aspect ratios (C), slenderness ratios (D), and thicknesses (E) of experimental and numerical specimens. Thicknesses of experi
mental specimens are normalized to the 1:1 full scale for direct comparison with those of numerical specimens.
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As justification, [101] propose that the slenderness ratio influences the 
IP/OOP interaction effects only when it is lower than a threshold value, 
above which the OOP arching effects are completely eliminated. The 
numerical study in [44] on walls similarly squat as those of [71] and 
[74] (l/h=1.5) and different aspect ratios (h/t = 17.0, 26.0, and 34.0) 
confirms the existence of such threshold. The mid-slender wall 
(h/t = 26.0) shows larger OOP strength and stiffness drop compared to 
the thicker wall (h/t = 17.0). However, its progression of OOP response 
degradation cis similar to the thinner wall (h/t = 34.0), implying the 
presence of a slenderness threshold between 17 and 26. Similarly, the 
numerical study of [13] on walls with different material properties with 
varying slenderness ratios (h/t = 26, 13, and 8.6), shows higher sensi
tivity of the most slender walls (h/t = 26) to IP pre-damage whereas the 
other two walls are similarly affected by IP/OOP interactions. The nu
merical studies in [43] contradict the presence of such a threshold, as 
the difference in the trend of IP/OOP interactions in 3 square walls 
(l/h=1.0) with different slenderness ratios (h/t = 14, 18.6, and 28) is 
not significant. It is noteworthy to elaborate that the lower sensitivity of 
the square walls of [43] to the variation of slenderness ratio might have 
arisen from the effect of aspect ratio, as discussed in the following. The 
discrepancies between the observations of different studies warrants 
more investigation into the understanding of the influence of slender
ness ratio on interaction effects. Especially, more experiments on spec
imens with low thicknesses are needed to better identify the presence of 
the threshold proposed by [101].

Regarding the influence of aspect ratio on the IP/OOP interaction 
effects, [101] suggest that square walls (l/h=1.0) are less prone to 
IP/OOP interaction effects. In the experiments of [91,95] on 2 slender 
walls (h/t = 22.8) with different aspect ratios (l/h=1.3 and 1.0), the 
squat wall shows an OOP strength reduction twice that of the square 
specimen at the final IP pre-damage level. Moreover, the squat wall 
shows a more drastic drop in OOP strength, with the majority of it 
happening in the low damage levels (<0.4 % IP drift), suggesting that 
the critical value of the IP pre-damage drift reduces in walls with low 
aspect ratios [101]. This is because such walls are more prone to 
localized damages during IP testing due to the formation of diagonal 
struts within the specimen. The diagonal struts cause larger stress con
centration at the corner of the specimens, which leads to more pro
nounced crushing and loss of composite action with the frame [39,116]. 
This, in turn, creates residual OOP deflections and increases the degra
dation of OOP performance [44]. The other 2 walls tested during the 
campaign have higher thicknesses (h/t = 15.2) and different aspect ra
tios (l/h=1.3 and 1.0). Also in this case, a similar, faster degradation of 
the OOP response is observed in the squat wall; yet, the final drops in 
strength and stiffness are similar to those of the square wall. This 
observation, along with the low sensitivity of the less slender walls 
numerically studied in [43], suggests that thicker walls are less sensitive 

to the variations in aspect ratio as well as IP/OOP interaction effects.

4.1.3. Masonry material properties
The categorization of experimental and numerical specimens based 

on the type and strength of masonry materials used in their panels, as 
well as the classification of experimental specimens based on the type of 
mortar, is presented in Fig. 9.

Different configurations and material compositions are used 
following various construction techniques adopted in practice. For what 
regards the masonry units in the infill walls, clay units are used for 86 % 
of specimens, while 9 specimens are made of concrete blocks in [43,71, 
72,88,89] (see Fig. 9.A.1). Among the former, only the 18 walls tested in 
[27,71,75,77,86,87,96] are made with solid clay blocks, while the 
remaining 38 specimens adopt perforated blocks with holes laying in a 
vertical or horizontal direction to represent local construction practices. 
Specifically, 31 specimens have horizontal holes [73,74,76,83,84, 
90–92,95,98,99,101,103,104], whereas in the remaining 7 walls, the 
holes are aligned in the vertical direction [78,80–82,93,94,109]. The 
concrete blocks used in the tested walls are all perforated, and the holes 
are oriented vertically [71,72,88,89]. Regarding the different types of 
mortar used during the experimental campaigns, 85 % of the specimens 
are assembled using a cement-based mortar with the common-purpose 
1:1:6 (cement:lime:sand) mixture, while a 1:3:12 mortar is used for 6 
specimens [84,85]. Additionally, 3 specimens in [37] are constructed 
with a weak lime-based 1:3 (lime:sand) mortar to investigate specifically 
the effect of such material variation. Concerning the finishing of the 
head joints, the typical configuration (80 % of the tested specimens) 
involves filling them with mortar. However, in the 13 specimens tested 
in [78,80,81,93,94,99], the head joints are left dry, and the masonry 
units in each row are interlocked by means of tongues and grooves. The 
masonry unit types and mortar compositions listed for the numerical 
studies (see Table 2) represent the properties of the tests that are used to 
calibrate the numerical models, especially for those using the 
macro-element approach [13,41,42], rather than specific simulation 
assumptions.

The type and the layout of the masonry units directly affect the 
compressive strength and other mechanical properties of the masonry 
panels. This is apparent in Fig. 9.C, where the vertical compressive 
strength of experimentally tested and numerically simulated masonry 
assemblies (wallets) is shown, grouped based on the different masonry 
unit types. Perforated clay blocks exhibit the lowest compressive 
strengths in the case of horizontal holes (<4 MPa), whereas higher 
values are measured in the case of vertical holes (3–6 MPa). Even higher 
values are obtained for solid clay bricks (6–10 MPa). Regarding the 
concrete blocks, only a few scattered data points are available for 
vertically-perforated concrete blocks. In general, the compressive 
strength of such blocks is significantly higher (9–22 MPa) than that of 

Fig. 8. Example results of IP/OOP interaction effects in walls tested with different aspect ratios and slenderness ratios. The data are extracted from [71,74,91,92]. 
For the meaning of abbreviations, please refer to the Nomenclature.
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the corresponding clay blocks. In case of horizontally-perforated con
crete blocks, no experimental characterization is available, while 6 walls 
are studied numerically [51] assigning a compressive strength similar to 
that of high-strength solid clay brick panels (10–12 MPa). It should be 
noted that compressive strengths reported herein refer to the masonry 
and not to the units, and are based on the unit orientation as used in wall 
construction. For perforated blocks laid with vertical holes, the 
compression strength of wallets parallel to the holes is considered; for 
perforated blocks laid with horizontal holes, the strength ow wallets 
perpendicular to the holes is used.

Different compressive strength of masonry influences the wall per
formance, as the occurrence of crushing failure, caused by stress local
ization in the diagonal struts or by arching mechanisms, largely depends 
on this parameter [73]. Moreover, local failures of a portion of masonry 
units, more likely in the case of perforated low-strength blocks, may 
occur depending on the distribution of pre-damage [80].

Experimental data primarily focus on low-strength masonry mate
rials (fʹm≤6 MPa), a wide range of compressive strength values is 
considered. Moreover, a detailed investigation of the influence of 
compressive strength on the IP/OOP interaction effects cannot be con
ducted because almost no campaign varies consistently with this 
parameter, so its effects are combined with those of geometrical and 
loading conditions. Only 2 specimens in the tests conducted by [71] are 
built with similar geometry (l/h=1.5, h/t = 16.5 and 17.7) but different 
materials: 1 with vertically perforated concrete blocks (fʹm=22 MPa) and 
the other 1 with solid clay blocks (fʹm=7.4 MPa). However, the capacity 
of the loading apparatus is reached before the walls reach OOP failure. 

At the end of the test, both specimens exhibit diagonal cracks that 
propagate from their middle region to the corners, with no compressive 
failure, and thus do not provide useful indications on the relevance of 
masonry compressive strength to wall performance.

A numerical sensitivity analysis is conducted in [43] to investigate 
the interaction effects in vertically perforated concrete block walls with 
different geometries and material properties. Specifically, three classes 
of blocks are adopted, representing a weak (fʹm=8 MPa), intermediate 
(fʹm=12 MPa), and strong (fʹm=16 MPa) material. The elastic stiffness 
and tensile strength of each class are also varied proportionally to the 
compressive strength. It is observed that, while the interaction effects 
under light IP pre-damage (IP drift < 0.25 %) are similar in all walls, the 
panels with intermediate material exhibit the least degradation of the 
OOP response under higher IP pre-damage. This is achieved through 
improved crack propagation to the wall during IP loading. Strong infill 
walls exhibit the development of a diagonal crack, characterized by both 
tensile cracking and crushing of the blocks, along with increased damage 
in the surrounding frame due to the formation of geometrically larger 
diagonal struts during IP loading. In infill walls with weak blocks, shear 
cracks develop during IP loading along the bed and head joints, leaving 
crack paths that are easily re-opened during OOP loading. This is, 
however, less critical than in the case of strong masonry, due to the 
reduced damage in the surrounding frame and the blocks in the panels. 
Both the IP mechanisms (development of diagonal struts and shear 
cracks) are minimized in infills with intermediate material properties, so 
that lower strength and stiffness degradation is obtained in the OOP 
direction. It is important to note that the extent of the influence of the 

Fig. 9. Variations of mechanical properties explored in experimental and numerical studies of IP/OOP interaction effects in framed URM walls: type of masonry units 
adopted in experimental (A.1) and numerical (A.2) specimens, mortar types used in experimental specimens (B), and the range of masonry prism compressive 
strength in experimental and numerical specimens (C). For the meaning of abbreviations, please refer to the Nomenclature.
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material properties varies depending on the geometry of the walls. 
Namely, the differences are more pronounced in the case of walls with 
high aspect and slenderness ratios, while they decrease for less slender 
and square walls.

The numerical parametric study in [13] on square walls (l/h=1.0) 
with different slenderness ratios (h/t = 26, 13, and 8.6), considers 
varying compressive strengths of masonry units, assuming them as 
perforated clay blocks with vertical holes with a range of strength (1–6 
MPa) lower than those considered by [43]. It is observed that 
high-strength materials (fʹm=6 MPa) lead to lower sensitivity of OOP 
strength and stiffness to IP pre-damage, especially in thicker specimens 
(h/t ≤ 13). The thickest wall (h/t = 8.6) with strong material (fʹm=1 
MPa) shows a 40 % lower strength drop at 1 % IP pre-damage drift and 
60 % lower stiffness drop at 0.5 % IP pre-damage drift compared to the 
one with weak properties. Although a macro-element model is used in 
the study and no description of differences between the damage mech
anisms of weak and strong specimens is given, it is believed that the 
larger sensitivity of weak walls is due to the occurrence of crushing 
during IP loading, which does not occur in stronger specimens. The 
lower sensitivity of the thinnest walls (h/t = 26) to material properties 
supports the aforementioned conclusions, as these specimens experience 
lower compressive stresses due to reduced vertical confinement effects 
and, consequently, exhibit lower crushing across different material 
variations. It should also be noted that all specimens reach similar 
amounts of OOP stiffness reduction under an ultimate 2 % IP 
pre-damage drift level, with stronger specimens showing only as much 
as 20 % higher OOP capacity compared to weaker ones. Another inter
esting observation is that the walls with low compressive strength (1–3 
MPa) show very similar sensitivities to IP/OOP interaction effects across 
all slenderness ratios, denoting that extremely low strength in masonry 
panels may lead to severe influence of IP pre-damage on OOP response 
regardless of the geometrical configuration of the walls.

The interaction effects are shown in [71] to also be influenced by the 
mortar composition, as specimens with stronger cement-based mortar 
exhibit higher OOP strength reduction at the same IP pre-damage level 
compared to those constructed with lime-based mortar, especially in the 
case of high slenderness ratios. The larger strength reduction in the case 
of stronger mortar is caused by the sharp localization of the cracks, 
which leads to overlapping cracking paths of IP and OOP responses. In 
contrast, cracks are more spread throughout the panel in the case of the 
lime-mortar specimens.

4.1.4. Surrounding frame material
Regarding the material used for the frames, 97 % of experiments 

focus on panels with RC frames, and Steel frames are used only in 2 
specimens [73,103]. Steel frame is also used in the 3 experiments of 
[102], but together with concrete to replicate the effect of 
strong-beam/weak-column mechanism observed in non-seismic RC 
frames. Differences are reported in the case of unidirectional OOP 
loading: Steel frames have more ductility and lower strength compared 
to RC frames, as well as weaker bond with the masonry panels [88,89, 
117], hence, increasing the IP/OOP interaction effects. However, the 
lack of sufficient experimental and numerical studies impedes the 
conclusive comparison of the influence of frame material on the 
behavior under interaction effects.

The effect of the strength of RC frames on IP/OOP interaction effects 
has only been the focus of [75] and [77], testing 2 IM walls, one within a 
weak frame and the other in a stronger frame. However, the results of 
these two tests are not comparable due to the differences in the 
geometrical properties of the specimens, specifically their 
height-to-thickness slenderness ratio. A numerical investigation in [45]
simulates 2 RC frame walls with similar geometrical and material 
properties (l/h=0.9, h/t = 12, and fʹm=3 MPa) one placed in a strong 
frame, and the other surrounded by a weaker frame with 40 % smaller 
column cross-sections. The specimen with a stronger frame shows a 

10 % higher OOP strength reduction at different IP pre-damage levels 
compared to the weaker-frame wall. This is because, although the 
damaged OOP strengths and stiffnesses are similar between the masonry 
panels of the two, the strong-frame model has a higher pristine OOP 
strength. This implies that, despite the slight differences in OOP strength 
resulting from having a stronger frame, the effect of frame strength on 
OOP response dissipates and becomes insignificant compared to the 
frame/panel connection upon taking the slightest IP damage.

4.1.5. Loading protocol and boundary conditions
The categorization of the available experimental and numerical data 

based on their variations in IP/OOP interaction scenario, as well as 
boundary conditions, loading procedures, and loading apparatus, and 
the initial vertical load adopted for IP and OOP loadings is presented in 
this section and illustrated in Fig. 13.

4.1.5.1. IP/OOP interaction scenario. According to Fig. 13.A, 74 % of 
experimental specimens studied for IP/OOP interaction effects are 
tested under SQ, 20 % under SC loading, 5 % under CB pre-loading 
[71–73], and 1 % under SM loading [90]. For the 13 specimens under SC 
loading, 12 tests [27,75,77,86,87,96] start with OOP loading. The OOP 
loading steps of these tests are all performed with the same load 
magnitude, while the IP loading is increased at each subsequent step. 
The remaining 1 SC test [93] starts with IP loading, then one step of OOP 
loading, and then another final step of IP loading. Similarly, 82 % of 
numerical simulations adopt SQ loading, and only 7 % [51] an 11 % 
[42] are performed via CB and SM loading, respectively.

Only 2 experimental campaigns allow for a comparison of the wall 
performance under SQ and CB loading. Two couples of similar walls are 
tested in [73] following either a SQ or a CB protocol. To facilitate 
comparison, the value of the IP pre-load in the SC tests is kept the same 
as the maximum IP load applied to cause pre-damage in the SQ tests. 
Slight differences are observed between the OOP responses under the 
different loading scenarios, also due to the limited capacity of the testing 
apparatus which prevents the specimens from reaching failure. The most 
remarkable difference is that the walls subjected to CB loading show an 
increase in the initial OOP stiffness due to the confinement of the panels 
in one diagonal direction determined by the pre-loading. However, this 
is followed by a steeper reduction in OOP stiffness compared to the SQ 
wall after the confinement effects decrease. In the campaign conducted 
by [73], the IP load applied for the SQ and CB tests is different, making a 
direct comparison of the two tests difficult. Nevertheless, it is reported 
that the presence of IP pre-load in the case of CB protocol fosters an 
overall stiffer behavior during OOP loading, but also results in 30 % 
lower strength due to increased crushing.

Considerations regarding the interaction effects in the case of SC and 
SM are derived from the comparison of the dynamic tests conducted by 
[75] and [90], the results of which are shown in Fig. 10. In the former 
campaign [77], an unusual SC loading sequence is considered. First 
dynamic OOP loading is applied incrementally up to a PGA of 0.4g. 
Then, a new loading sequence for which quasi-static cyclic IP loading of 
increasing intensity is alternated with OOP dynamic loading with a fixed 
0.4g intensity is adopted. The test continues until the collapse of the top 
portion of the wall during the OOP test conducted after completing an IP 
run with a cyclic amplitude equal to 2.2 % drift. In the latter [90], 5 SM 
tests are conducted with bi-directional dynamic loading, based on tec
tonic earthquakes. The load intensities are gradually increased in each 
step up to 0.63g and 0.79g in the IP and OOP directions, respectively. It 
should be noted that the proportionality of the IP and OOP loading 
signals is not kept constant in different steps of the SM test. Both SC and 
SM walls show similar crack patterns with several major horizontal 
cracks forming at different elevations, as well as diagonal cracks 
extending from the center of the panels to their base. However, in the 
case of the SM protocol, more pronounced interaction effects are 
observed, leading to a 90 % reduction in OOP stiffness and a 950 % 
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increase in OOP deflection during the final step of the experiment, when 
a maximum 1 % IP drift is recorded. In contrast, the SC wall experiences 
only a 20 % OOP stiffness drop and a 220 % OOP deformation increase 
at 1 % IP pre-damage drift, and achieves a 75 % stiffness drop and a 
575 % OOP deformation increase only after a 2.2 % IP pre-damage drift 
is applied. Although different materials are used (lower-strength hollow 
clay blocks with horizontal holes are used in the SM tests, and solid clay 
blocks are used in the CB tests), consistent trends regarding the influence 
of IP/OOP interaction are observed from the start of the experiment. For 
this reason, it can be concluded that higher IP/OOP interaction is ex
pected in a simultaneous IP and OOP loading scenario.

4.1.5.2. IP and OOP boundary conditions. The choice of boundary con
ditions directly affects the development of alternative IP and OOP failure 
mechanisms and cracking patterns of the walls, which in turn leads to 
different IP/OOP interaction effects [18]. The IP load is applied to all the 
experimental and numerical simulations in a double-clamped setting, 
where the top beam of the frame is restricted from rotation around the 
OOP axis to favor a shear-like response of the wall. Moreover, all of the 
OOP loading steps of the tests and simulations are done in a two-way 
spanning OOP configuration to best represent the behavior of 
real-world framed walls. Only in the 2 experiments of [74], one-way 
spanning boundary conditions are applied in OOP. In these cases, the 
OOP load is applied at the mid-height of the walls [74] while the OOP 
movement of the top beam is restrained to form a pinned one-way 
bending mechanism. In all specimens, a full connection is established 
between the panel and the frame, allowing the composite action of the 
two structural elements during IP loading, as well as the development of 
a two-way arching mechanism during OOP loading. Any substantial gap 
between the frame and panel that develops during the IP loading phase 
reduces the OOP strength and stiffness, as well as increases the OOP 
deformation, due to the change in boundary conditions [73,80,93,98, 
118]. This is also important for real-world assessments, as long-term 
creep and deformation of frames and/or panels may lead to the forma
tion of discontinuities between walls and frames, which may in turn 
reduce OOP resistance [119,120].

A concrete conclusion cannot be reached regarding the effects of 
OOP boundary conditions due to the limited available data. Neverthe
less, a brief comparison of the observations from the tests [74] on the 
behavior of 2 one-way bending walls (l/h=1.5 and h/t = 23.9) under 
frame drift OOP loading with those from [91] on 3 similar walls 
(l/h=1.3 and h/t = 22.8) under Wall Face Five-Point Loading (WF5PL) 
two-way bending OOP loading is presented. While all pre-damaged by 
applying cyclic IP loading in double-clamped configuration, the 
one-way bending walls exhibit a 20 % larger OOP strength drop but a 
40 % lower stiffness reduction compared to the two-way bending walls, 

respectively, at a moderate pre-damage level (0.4 % IP drift). Moreover, 
the one-way bending walls maintain stability until a pre-damage level 
twice as large as the two-way bending walls (corresponding to 1.2 % IP 
drift in the former compared to 0.6 % in the latter). Although [74] does 
not provide the final crack pattern of the one-way bending walls, it is 
suspected that the lower sensitivity of one-way bending walls to IP 
pre-damage is because their OOP cracking mechanism does not coincide 
with IP crack patterns as much as two-way bending walls [18]. In other 
words, while during OOP loading, damaged two-way bending walls 
show the re-opening of most of the same cracks already appeared during 
IP loading, the one-way bending OOP mechanism involved primarily the 
horizontal cracking of the mid-height of the wall, which is as affected as 
much by double-clamped IP step cracks.

4.1.5.3. Loading procedures. Different loading procedures for IP loading 
have been selected by researchers. The choice depends primarily on the 
research objectives, but also on specific technical restraints, such as 
costs and availability of proper facilities [121]. According to Fig. 13.B, 
The IP load is applied by imposing a quasi-static cyclic (QSC) or 
monotonic (QSM) load to the top beam of the specimen in 89 % of the 
experiments as well as 70 % of numerical simulations. The QSM loading 
is used in the 6 tests of [43,88,89]. Only in the 1 test conducted by [90], 
dynamic IP load is applied via a shake table (ST). For those experiments 
conducted via cyclic loading, the loading sequence consists of a series of 
cycles targeting specific drift levels and progressively increased in 
magnitude. Fig. 13.C shows that OOP load is also applied in quasi-static 
conditions for 75 % of the tests. In detail, 57 % of the tests use QSM 
loading and 17 % [73,80,84,98,104] use unidirectional load-unload 
cycles (QSLUC). The latter are characterized by the application of half 
cycles. In other words, the load is applied up to a certain level, followed 
by full unloading, and when the specimen has returned to the zero-load 
condition a new loading cycle (either of equal or of increased intensity 
compared to the previous cycle) in the same loading direction. Such 
procedure allows testing the wall under cyclic loading while having 
access to one side of the panel for tracking the failure patterns [2]. Fully 
QSC loading (for which cycles of equal amplitude are applied in both the 
positive and negative loading direction) is adopted only in the numerical 
study of [42] where such practical concerns are irrelevant. Additionally, 
dynamic seismic accelerograms are applied via shake table motions for 
only 16 tests conducted in [27,75,77,86,96,102]. Finally, 1 experiment 
[100] analyzes ambient vibrations [122–124] to identify the changes in 
OOP stiffness after IP pre-damage. All in all, the lack of tests applying 
QSC loading in the OOP direction and of experiments applying IP 
pre-damage determined by dynamic loading.

No comparative experimental campaign has been conducted to 
determine the sensitivity of interaction effects to different IP loading 

Fig. 10. Example results of IP/OOP interaction effects in walls tested under different interaction scenarios. The data are extracted from [75,90]. For the meaning of 
abbreviations, please refer to the Nomenclature.
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procedures. However, a numerical investigation in [43] compares the 
differences in the interaction effects for IP pre-damage obtained via 
either QSC or QSM loading, showing that the OOP capacity of walls with 
different aspect ratios undergoes up to 13 % higher reduction when IP 
pre-damage is applied through QSC loading, especially for moderate 
pre-damage levels. However, both the resisting mechanisms and the 
final crack pattern are similar under both loading procedures. For these 
reasons, the sensitivity of the interaction effects to this specific aspect 
can be considered moderate to low. It should be noted that a numerical 
campaign has recently been initiated to investigate the suitability of 
different loading protocols for studying interlocking masonry IM walls 
subjected to unidirectional IP and OOP loads, as well as their interaction 
effects [121].

The sensitivity of the interaction effects to different OOP loading 
procedure is discussed by comparing different experimental campaigns 
that studied comparable walls, i.e. the data shown in Fig. 11. In [99] and 
[80], QSM and QSLUC tests are conducted, respectively, by applying 
four-point OOP load on two specimens having similar aspect ratios (l/h 
of 1.6 and 1.4, respectively) and slenderness ratios (h/t of 8.8 and 8.4, 
respectively). While both tests show similar OOP strength reduction, the 
increase in the maximum OOP deformation of the QSLUC specimen is 
200 % more than that of the QSM wall despite the use of stronger ma
terials. Moreover, significant differences in the OOP damage patterns 
are recorded, with the cracks being distributed to the whole QSM wall, 
while more localized damage and wide cracks close to the mid-height of 
the wall are observed in the QSLUC specimen. It should be noted that the 
loading points of the QSLUC test are located closer to the mid-height of 
the wall and are not as spread-out as the those in the QSLUC test, which 
may partially justify the differences highlighted above. Moreover, the 
stronger vertically laid perforated blocks used by [80] might have 
caused the lower inelastic deformation of the blocks and concentration 
of damage in the mortar [71]. Nevertheless, the QSLUC and QSM airbag 
tests conducted in [93] on walls with identical material and geometry 
(fʹm=3.1 MPa, l/h=1.1, and h/t = 6.9) show similar differences in 
damage patterns, with more pronounced crack localization at the four 
edges of the QSLUC wall. Finally, a comparison between the QSLUC 
airbag test conducted in [84] (l/h=1.8 and h/t = 15.3) and the QSM 
experiment of [71] (l/h=1.5 and h/t = 16.5) further confirms the dif
ference of outcomes obtained for cyclic and monotonic loading, with 
more evident crack localization in the case of QSLUC and major cracks at 
top and side frame/wall interfaces. It is therefore concluded that cyclic 
loading promotes crack localization, resulting in lower damage 
diffusion.

The last comparison focuses on tests for which the OOP loading is 
applied via airbags in QSLUC or dynamically via a shake table (ST). The 
comparison between the tests reported in [98] and [75] on walls with 

similar geometries (l/h=1.5 and h/t = 19 in the former and l/h=1.7 and 
h/t = 22.8 in the latter), reveals different OOP performances. The first 
wall, tested in QSLUC conditions, experiences a more drastic degrada
tion in OOP performance at low IP pre-damage drifts (0.5 %) compared 
to the ST-loaded wall, although this may be attributed to the use of 
lower-strength masonry units (see 4.1.3). However, the ST wall exhibits 
a more brittle behavior at subsequent stages, with the development of 
localized cracks at the side and bottom frame/panel interfaces, as well as 
one diagonal crack connecting the bottom left and top right corners of 
the wall. Contradictory observations are obtained from the numerical 
study in [51], which considered walls with identical geometry and 
materials and different OOP loading procedures. The outcomes of the 
analyses do not show any different OOP stiffness and strength degra
dation for QSLUC walls compared to ST walls. It should be noted that the 
QSLUC-tested wall of [98] has been conceived as a cavity wall, formed 
by two slender leaves, which may have resulted in its higher sensitivity 
to IP/OOP interaction effects. In conclusion, the limited data available 
does not allow for any decisive conclusion regarding the sensitivity of 
interaction effects to the application of quasi-static or dynamic OOP 
loading.

4.1.5.4. Loading apparatus. The instruments by which OOP loading is 
applied to the walls affect the damage pattern as well as the wall ca
pacity [117]. The variations considered for the OOP loading instruments 
of tests and the related number of specimens are shown in Fig. 13.D. In 
the case of the 16 dynamic tests [27,75,77,86,90,96,102], ST is used. 
Quasi-static experiments, on the other hand, employ a variety of loading 
apparatus and methodologies. The first distinction involves the appli
cation of quasi-static load to either the surrounding frame (FD) or the 
masonry panels directly. The FD is adopted for 2 quasi-static tests [74], 
but it is shown to concentrate the damage to the frame elements rather 
than the masonry wall [17]. Hence, the direct loading of the panels is 
used in the majority of the reported quasi-static experiments (96 %). The 
OOP load is applied to the surface of the masonry panel via two alter
native types of loading apparatus. The first option consists of the 
imposition of OOP displacements at multiple points on the surface of the 
wall (WFMPL), and is used to apply OOP load at four points (WF4PL) in 
12 experiments [75,77,81,96] and at five points (WF5PL) in 11 tests [87, 
88,92,97]. The second option ensures a virtually uniform distribution of 
OOP pressure to one or both sides of the walls via airbags (AB) and is 
used in the remaining 23 tests [43,71,73,76,84,88,89,93,98]. Finally, 1 
experiment [100] adopts a non-destructive OOP testing approach, 
where ambient vibration identification is used to measure the effect of IP 
pre-damage on natural OOP frequencies of the specimen from its ac
celerations under environmental excitation, such as due to the passing of 
vehicles or lab workers. In the numerical simulations, AB lading is used 

Fig. 11. Example results of IP/OOP interaction effects in walls tested under different OOP loading protocols. The data are extracted from [75,80,98,99]. For the 
meaning of abbreviations, please refer to the Nomenclature.
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in 47 % of the cases. However, 50 % of simulations use a point load at 
the mid-center of the panels (referred to as WFMiPL and categorized in 
Wall Face Multi-Point Load in Fig. 13.D). This is because, although 
calibrated against experiments under AB loading in OOP, these simu
lations [13,41,42] are done via macro-element models wherein only 
WFMiPL is possible.

Typically, each experimental campaign utilizes a single type of 
loading apparatus, and hence, no direct comparison is possible between 
the consequences of selecting one procedure over another. However, 
[98] and [91] have 2 tests on walls with similar geometries and material 
properties (fʹm=1.2 MPa, l/h=1.5, h/t = 19 in the former, and, fʹm=1.8 
MPa, l/h=1.3, and h/t = 22.8 in the latter) for which the OOP load is 
applied via AB and WF5PL, respectively. According to the results shown 
in Fig. 12, the AB wall exhibits a similar damage progression to the 
WF5PLone, with most of the cracking and OOP response degradation 
occurring at low IP pre-damage level (0.5 % IP drift). The two walls also 
experience similar ultimate OOP strength and stiffness drops at 1 % IP 
pre-damage drifts. However, the WF5PL wall exhibits almost half the 
increase in OOP deformation, with damage more localized around the 
load application points, in the form of crushed and fractured masonry 
units. Conversely, the airbag wall shows a more diffused damage pattern 
with stepped cracks along the mortar joints and detachments at the 
frame/panel interfaces, which is close to the failure mode observed in 
testing of a wall with similar geometry under closer-to-reality ST load 
[75]. Consequently, the AB loading could be considered to better 
mobilize all parts of the specimens and provide a more accurate repre
sentation of OOP seismic loading, for which all regions of the walls are 
excited by inertial forces.

4.1.5.5. Initial vertical load. The presence of an initial vertical load may 
also affect the performance of the tested infill walls, as it contributes to 
the confinement of the wall during IP loading and the development of 
vertical arching effect during OOP deformation [51]. As shown in 
Fig. 13.E, 70 % of experiments [27,74–78,80,83,90,93,94,96,98,99, 
125] apply a vertical pre-compression load before the start of the 
loading in IP or OOP directions to simulate the behavior of the specimen 
as part of a multi-story building. However, different solutions have been 
selected to apply the load. In 33 cases [74,76,78,80,83,90,93,94,98,99], 
the tests are conducted with pre-compression applied only to the RC 
frame columns. For those, the magnitude of the vertical load covers a 
comprehensive range, varying between 4.4 % and 40 % of the 
compressive axial strength of the columns. Regarding the numerical 
simulations, 57 % of the instances are done without considering vertical 
load, 38 % [41,42,45,89] consider column load between 1 % and 25 % 
of the column axial capacity, and only 5 % [51] include a minor addi
tional load on the walls, as much as 5.2 % of the masonry compressive 

strength (fʹm).
The assessment of the effects of pre-compression on the IP/OOP 

interaction is limited to a few experimental campaigns. In [71], no 
relevant difference with the inclusion of vertical load is reported, while 
[85] reports some limited effects. In this latter case, a small column 
vertical load (4.4 % of the column axial capacity) determines a limited 
improvement of the OOP load-bearing capacity, because only 7 % of the 
column load is transferred to the masonry panel [71]. On the other hand, 
[98] show that high pre-compression levels (40 % of the column axial 
capacity) can increase the OOP strength and stiffness by 50 % under a 
specific IP pre-damage, as well as decrease the rate of OOP strength 
reduction for increasing levels of pre-damage.

Regarding the application vertical load on the walls, the 12 tests 
conducted during the campaign reported by Singhal and Rai [27,75,77, 
86,96] include a limited vertical load on the top beam (1.5 % of the 
compressive strength of the masonry assembly) in addition to the 
application of axial load to the columns. However, the consequence of 
this additional load is not discussed in the paper, as the authors assume it 
to have a minor effect on the IP/OOP interaction. On the contrary, the 
numerical study conducted by [51] highlights the sensitivity of the 
interaction effects to the presence of a vertical wall load. Specifically, 
applying a load equal to 5.2 % of the compressive capacity of the ma
sonry panel to the concrete beam significantly delayed the interaction 
effects, resulting in an IP pre-deformation two to three times larger than 
the corresponding case without a vertical load. Such improved perfor
mance could be attributed to the increased deformation and strength 
capacity of the wall in the IP direction, which results in the post
ponement of IP damage and subsequent OOP response degradation to 
larger drifts [51].

4.2. Effects of OOP response on IP wall behavior (OOP/IP interaction)

As introduced at the beginning of 3, only 4 experimental campaigns 
[73,93,103,104] have been conducted to investigate the influence of 
OOP pre-damage and pre-load on the IP response of framed masonry 
walls, yielding only the 10 data points illustrated in Fig. 14 and making 
it impossible to discuss the OOP/IP interaction effects at the same level 
of detail as for the IP/OOP interaction effects. For this reason, a more 
comprehensive discussion, encompassing both experimental and nu
merical findings, is presented herein. Specifically, 6 walls are tested 
experimentally, and the structural response of 36 specimens, including 
14 walls [5,16,38,40] and 22 multi-bay multi-story frames [5,28,32], is 
simulated numerically. Both experimental tests and numerical simula
tions of walls primarily consider sequential and combined loading sce
narios for the application of OOP and IP load: 5 walls are tested under SQ 
and 1 wall [93] under CB loading. Moreover, 13 out of 14 numerical wall 

Fig. 12. Example results of IP/OOP interaction effects in walls tested under different OOP loading apparatus. The data are extracted from [91,98]. For the meaning 
of abbreviations, please refer to the Nomenclature.

A. Ghezelbash et al.                                                                                                                                                                                                                            Structures 81 (2025) 110271 

16 



simulations consider CB loading, while SM application of OOP and IP 
load is used for the remaining 1 wall in [30] and all 22 frame analyses. It 
is noteworthy that OOP pre-load and pre-damage, respectively used in 
SQ and CB loading scenarios, are conservatively applied below the OOP 
peak capacity of the specimens. This is because the walls are expected to 
lose the integrity and resistance required for a subsequent IP loading 
after they exceed their OOP strength. In the next sections, the OOP/IP 
interaction effects reported in the literature are discussed based on the 
adopted loadings scenarios.

4.2.1. OOP pre-damage (sequential loading)
The experimental outcomes of SQ tests in [73,103,104] show that 

the effect of OOP pre-damage on IP response is not as significant as the 

influence of IP behavior on OOP performance, yet not always negligible. 
In the 1 SQ experiment in [73] conducted on a thick square wall 
(l/h=1.0 and h/t = 11.2) assembled with hollow clay blocks laid in 
horizontal arrangement, the specimen is loaded first in OOP two-way 
bending via airbag and then in IP in a double clamped configuration. 
Although pre-damaged up to 70 % of its OOP capacity, the specimen 
shows the same IP performance in terms of strength, stiffness, and 
deformability as the reference purely IP-loaded specimen. Higher 
sensitivity is observed in the 1 test conducted in [104] on a squat thin 
wall (l/h=1.3 and h/t = 25.9) with similar material properties and 
boundary conditions to those of the thick wall of [73]; the specimen, 
OOP pre-damaged via Wall Face Six-Point (WF6PL) two-way bending 
loading of the panel surface, shows 25 % strength drop and 47 % 

Fig. 13. Loading assumptions explored in experimental and numerical studies of IP/OOP interaction effects in framed URM walls: interaction scenario (A), in-plane 
loading type (B), out-of-plane loading type (C) and apparatus (D), and presence (E) and range of magnitudes (F) of initial vertical load. For the meaning of ab
breviations, please refer to the Nomenclature.
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stiffness reduction during the IP double-clamped loading. However, 
such changes are observed under OOP pre-damage levels that are 150 % 
higher than those considered for the thick walls (corresponding to OOP 
deformation up to 33 % of wall thickness). It is observed that the di
agonal cracking that develops during double-clamped IP failure follows 
a separate path from the one that forms at light OOP two-way bending 
pre-damage. Hence, under low to moderate OOP pre-damage, the IP 
behavior remains similar to that of a virgin specimen. On the contrary, in 
the case of severe OOP pre-damage, the development of diagonal 
cracking similar to that at IP failure can lead to noticeable degradation 
of the IP performance. In case of one-way bending cantilever boundary 
conditions considered for 2 walls tested in [73], the application of OOP 
pre-damage via a top drift equal to 19 % of the wall thickness reduces 
the IP strength by approximately 20 % by causing bed-joint cracks at the 
base of the wall that re-open during IP loading.

4.2.2. OOP pre-load (combined loading)
Walls under CB loading show higher OOP/IP interaction effects in 

the presence of OOP pre-load compared to SQ cases [16]. The only 
available CB test [93] on 1 wall (l/h=1.1, h/t = 6.9) shows that OOP 
two-way bending deformation caused by pre-load can prevent the full 
development of the wall double-clamped IP load-bearing capacity and 
instigates brittle failure at significantly lower IP drifts compared to 
virgin walls without OOP Pre-load. In fact, an OOP airbag pre-load as 
much as 20 % of the OOP capacity, alters the damage progression and 
even change the failure mode of the wall during IP loading: tensile and 
compressive failure of the bricks at the base of the wall is observed 
instead of pure diagonal cracking during the IP loading step in the CB 
experiment.

The 13 numerical CB simulations [5,16,38] are done for single-story 
single-bay reinforced concrete frames infilled with solid clay brick walls, 
assembled in single-wythe. Quasi-static monotonic IP frame drift and 
OOP airbag pre-loading with double-clamped and two-way bending 
boundary conditions, respectively, are adopted in the simulations. Only 
the 8 [38] conducted via a macro-element model adopt WMiPL loading 
in OOP due to technical limitations. Similar material properties are 
considered for all specimens, with the masonry panels having 
compressive strengths in the range of 1–4 MPa and common-purpose 
cement-based 1:1:6 (cement:lime:sand). Vertical pre-compression is 
applied to the columns 4 walls [5,16], with intensities between 4.4 % 
and 5 % of the column capacities. Finally, a vertical load equal to %1 of 
the compressive strength of masonry panels is placed on the top beam in 
3 walls [5]. Due to the large scatter in the characteristics of the specimen 
studied, a cross-comparison between the findings of different studies is 
not possible. Therefore, only the individual findings of sensitivity ana
lyses in each study regarding the changes in interaction effects due to 

variations in different parameters are explained in the following.
The numerical study in [38] inspect the influence of material prop

erties and slenderness ratio. Compared to a benchmark squat wall 
(l/h=0.7, h/t = 25.4, and fʹm=2 MPa), the considered weaker- (fʹm=
1 MPa) and stronger-material (fʹm= 3.2 MPa) variants exhibit no 
different behavior under OOP/IP interaction. It is postulated that the 
adopted variation range is not wide enough to influence the interaction 
effects. On the other hand, the thicker (h/t = 20.6) and thinner 
(h/t = 46.3) specimens exhibit higher and lower OOP/IP interaction 
effects, respectively, compared to the original wall. All three walls 
exhibit similar IP strength drops until OOP pre-load up to 22 % of their 
strength, yet the thicker wall shows a more drastic performance degra
dation at higher pre-load. It loses half of its IP strength at an OOP 
pre-load level of 26 % of its original strength, while the original and the 
thinner wall exhibit such decrements at OOP pre-load levels of 65 % and 
90 % of their strengths, respectively. The study employs a 
macro-element modeling approach and, therefore, does not provide 
auxiliary information regarding the damage patterns and the cause of 
the different behaviors. Nevertheless, it is assumed that the thicker walls 
experience more cracks during the OOP loading, which results in a 
higher IP strength drop compared to the thinner walls [38].

Another numerical study [5] investigates the influence of opening on 
the OOP/IP interaction in tall thin walls (l/h=2.2 and h/t = 24.1). They 
analyze the IP performance of 1 wall without opening, 1 wall with a door 
opening, and 1 partially filled frame (up to half of its height) under 
similar pre-applied OOP pressures. The wall with a door exhibits iden
tical behavior to the full walls in terms of the amount and rate of IP 
strength drop with the increase of pre-load. The partial infill exhibits a 
lower sensitivity to pre-load, with a 20 % lower IP strength drop at the 
final pre-load level. This is because, according to [5], the contribution of 
the half-panel to the IP performance of the frame is already lower than 
that of the other walls, and the half-panel specimen exhibits a 
short-column effect that affects the IP behavior more than the OOP 
pre-load. Finally, the numerical study in [49] stipulates that anchoring 
the panels to the surrounding frame via steel bars running through 
horizontal mortar joints at different elevations can significantly reduce 
the OOP/IP interaction effects.

4.2.3. Simultaneous OOP and IP loading
The SM numerical simulation of [40] on 1 single-story single-bay 

wall (l/h=1.5 and h/t = 28) made with reinforced concrete frame and 
single-wythe hollow clay blocks laid with holes in horizontal direction 
(fʹm=2.4 MPa) and 1:1:6 (cement:lime:sand) mortar, shows even more 
severe interaction effects. The wall is subjected to 22 sets of 
bi-directional ground motions in double-clamped IP and 
two-way-bending OOP conditions under no vertical pre-compression. 

Fig. 14. Overview of data points collected from the outcomes of experimental investigations on the effects of OOP/IP interaction on IP behavior of framed URM walls 
[73,93,103,104]. For the meaning of abbreviations, please refer to the Nomenclature.
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The accelerograms of each ground motion set are scaled up to different 
intensities to perform an incremental dynamic analysis. The analyses are 
conducted with and without considering OOP/IP interaction effects. The 
curve presented in the corresponding publication draws the averaged 
backbone curve showing the maximum recorded IP drift (IDR) at 
different loading intestines (peak ground accelerations, or PGAs), with 
and without considering the influence of OOP behavior. The backbone 
curve without OOP/IP interaction effects exhibits linearly increasing IP 
drifts with the increase of loading intensity, reaching a maximum PGA of 
3g at a 4.5 % IP drift level. Whereas, while the backbone curve of the 
case with interaction OOP/IP interaction effects starts the same linear 
proportionally between the IP drifts and loading intensities, it diverges 
from the linear curve at a PGA of 1.4g and reaches 4.5 % IP drift at a 
37 % lower PGA (1.88g). The one with interaction effects also shows a 
110 % larger IP drift at 2.1g compared to the case without interaction 
effects.

The other 3 SM numerical studies on the OOP/IP interaction effects 
[5,28,32] are conducted on 22 multi-story multi-bay frames rather than 
single walls. Nevertheless, they also show higher sensitivity of IP 
response to concurrent OOP load compared to pre-damage and pre-load.

The numerical investigation in [5] simulate 2 two-by-two (story-
by-bay) reinforced concrete frames under four different real earthquakes 
(dynamic loading) with and without applying the OOP component of the 
load. The frames have similar geometries (average l/h=2.7 and 2.9 and 
h/t = 8.5 and 9.25 in the first- and second-story bays, respectively), and 
their panels are assembled via 300-mm-thick hollow clay blocks with 
vertical holes. One frame is fully infilled, while the bays of the other 
frame are partially filled up to 2/3 of their height. The fully infilled 
frame shows no sensitivity to interaction effects at low-intensity bi-di
rectional loads (up to IP intensity of 0.45g). However, the behaviors 
diverge after this point, and the specimen shows as much as 55 % lower 
IP base shear and 55 % higher top IP drift under the highest intensity 
(0.81g in IP) bi-directional excitation compared to the unidirectional 
case. The partially-infilled panel shows a lower degradation of IP 
behavior, since, as explained before, its behavior is more governed by 
soft-story effects.

The numerical study in [28] considers 6 thick (h/t = 9.5) and 6 thin 
(h/t = 25.6) reinforced concrete frames with different number of stories 
and bays, under bi-directional QSM load (frame drift in IP and WFMiPL 
loading in OOP) with different proportionalities (OOP:IP load intensity 
ratios of 0.27, 0.58, 1.00, and 1.73). It is observed that thick specimens 
show only a slight 6 % IP performance degradation under the highest 
OOP:IP load proportion because they undergo minor OOP damage. At 
the same time, thin specimens show as much as 32 % IP strength drop 
and 47 % lower ultimate top IP drift capacity (corresponding to 20 % 
strength drop point) under the same loading conditions. The influence of 
OOP damage also diminishes with the decrease in aspect ratio. Meaning 
that, in the frames with thin walls, the tall specimen (five stories and two 
bays) shows 24 % and 15 % lower decrease in IP strength and drift ca
pacity compared to the squat frame (two stories and five bays).

However, the 8 simulations of [32] on similarly thin (h/t = 26.1) 
frames with different aspect ratios (squat two-by-four to tall six-by-two 
story-by-bay configurations) under simultaneous QSM IP (frame drift) 
and OOP WFMiPL loading shows almost no interaction OOP/IP effects in 
the squat frame (two-by-four). Whereas the tallest specimen (six-
by-two) exhibits as much as 50 % IP strength drop and 80 % lower ul
timate IP drift capacity reduction under medium OOP load intensity 
(corresponding to an earthquake with intensity 0.3g). This contradictory 
observation may have arisen from the different OOP loading patterns 
adopted in the two studies, as the proportion between OOP and IP 
components of the lateral load are unclear in [32]. It is also shown in 
[32] that strengthening the infills with fiber- or steel-reinforced plasters 
can entirely neutralize the effects of OOP/IP interaction.

5. Available extrapolations of wall-level findings to the 
building-level response

The performance of masonry buildings under seismic load cannot be 
fully understood or improved without considering the interaction be
tween OOP and IP behaviors [3,13–15]. This necessity has led to the 
development of analytical approaches to simulate masonry structures 
under these interaction effects, drawing from insights gained through 
wall-level studies. Unlike numerical and experimental methods, 
analytical models allow for the derivation of general principles appli
cable across various conditions [18]. By identifying key parameters 
influencing URM wall performance, they facilitate targeted in
terventions to enhance resilience. This section reviews the analytical 
approaches currently available in the literature that address IP-OOP 
interaction effects in framed unreinforced masonry constructions, de
tailing their methodologies.

5.1. Classification of currently available approaches

As the number of publications shown in Fig. 15 indicates, the 
analytical characterization of IP-OOP interaction effects has been pur
sued concurrently with the very first experimental and numerical 
studies. This is because analytical methods are particularly valuable in 
early-stage structural assessments, offering a cost-effective means to 
evaluate seismic vulnerability and retrofitting strategies. Hence, they 
are widely applied to the investigation of wall- or structural-level re
sponses under IP-OOP interaction, as evidenced by at least 27 publica
tions counted by this study [3,9,13–15,20,28–31,33–38,41,73,77,88,89, 
95,126–129]. Analytical approaches to IP-OOP interaction effects in 
URM walls can be broadly categorized into three types: regression-based 
formulations, mechanics-based models, and hybrid or semi-empirical 
models [89]. Specifically, 16 different regression-based formulas are 
presented in 17 publications [2,8,16,43,45,71,72,81,89,91,92,98,101, 
108,130–132], 1 of which [71] has already been adopted in the design 
and assessment guidelines since the year 1997. Moreover, 5 
mechanics-based [32,38,117,133,134] and 7 hybrid [8,15,28,40,42, 
129,135] macro-element models are developed for framed structures. 
Regression-based developments are typically presented as predictive 
equations that estimate wall behavior under various loading scenarios 
without requiring full time-history simulations. Meanwhile, 
mechanics-based and hybrid models are primarily used to develop nu
merical methodologies

Regression-based formulations rely on statistical analyses of experi
mental or numerical data to establish relationships between interaction 
effects and key wall characteristics, such as material properties, geom
etry, and boundary conditions [18]. These models provide empirical 
equations or curves that directly correlate with observed behaviors, 
making them valuable for practical seismic assessments. 
Mechanics-based models, on the other hand, derive theoretical equa
tions from fundamental physical principles to describe the responses of 
masonry walls under IP-OOP interaction. These models often involve 
simplifications, such as idealized failure mechanisms or localized failure 
zones, to make complex behaviors more tractable. While 
regression-based models offer practical design tools by leveraging large 
datasets, mechanics-based approaches provide deeper theoretical in
sights, enabling the development and refinement of assessment and 
design methodologies. Together, both approaches play crucial roles in 
seismic engineering, complementing each other in improving the un
derstanding and prediction of URM wall performance.

However, developing robust regression-based equations or 
mechanics-based models presents significant challenges. A comprehen
sive dataset encompassing all parameters affecting interaction behaviors 
is currently lacking (See 3), making it difficult to achieve a statistically 
accurate representation of all possible failure modes. Additionally, the 
inherent heterogeneity of masonry materials and the anisotropic nature 
of their mechanical properties further complicate the formulation of 
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reliable mechanics-based models. To address these limitations, hybrid or 
semi-empirical models integrate mechanics-based principles with 
empirical regression formulations, combining the strengths of both ap
proaches. By calibrating theoretical predictions against observed data, 
these models refine and validate mechanics-based assumptions while 
maintaining the empirical accuracy of regression-based methods. This 
fusion enhances their ability to capture the complex reality of seismic 

behavior in URM walls.

5.2. Regression-based design and assessment formulas

The regression-based approaches developed for predicting IP–OOP 
interaction effects are summarized in Table 3. These are categorized 
based on the interaction scenario they address, the behavioral parameter 

Fig. 15. Number of publications per year focusing on the analytical study of framed unreinforced masonry walls and structures under IP-OOP interaction effects. The 
papers are categorized based on the type of contribution, i.e. the development of an approach or the application of an already-developed approach.

Table 3 
Regression based analytical approaches for the prediction of IP-OOP interaction effects.

Interaction 
Scenario 

 Year  Publication(s)  Type Changes in Due to Considering Sensitivities to  Used in Standards 

 IP/OOP  1994  Angel et al. [71,72]  Equation OOP Strength IP Pre-Damage
Critical IP Drift (Explicitly) 

Slenderness Ratio (Explicitly) 
Frame Stiffness (Explicitly) 

FEMA 273 [137] (Constant) 
FEMA 356 [138] (Constant) 
ASCE 41 [140] (Constant) 
NZSEE [141] (Linearized) 

FEMA 306 [142] (Tabulated) 

   2013  Morandi et al. [130]  Equation 
OOP Strength
OOP Stiffness

IP Pre-Damage
Critical IP Drift (Explicitly) 

Ultimate IP Drift (Explicitly) 
 – 

   2014  Verlato et al. [131]  Equation OOP Strength IP Pre-Damage
Critical IP Drift (Explicitly) 

Ultimate IP Drift (Explicitly) 
 – 

   2014  Cavaleri et al. [136]  Equation 
OOP Strength
OOP Stiffness IP Pre-Damage

Critical IP Drift (Implicitly) 
Aspect Ratio (Implicitly) 

Slenderness Ratio (Implicitly) 
Masonry Material (Implicitly) 

 – 

   2017  Wang [89]  Equation OOP Strength IP Pre-Damage Ultimate IP Drift  – 

   2018  Furtado et al. [2]  Equation 
OOP Strength
OOP Stiffness IP Pre-Damage

Aspect Ratio (Implicitly) 
h/t (Implicitly)  – 

   2018  Ricci et al. [91]  Equation OOP Strength
OOP Stiffness

IP Pre-Damage Aspect Ratio (Implicitly)  – 

   2018  Ricci et al. [92]  Equation 
OOP Strength
OOP Stiffness IP Pre-Damage

Aspect (Implicitly) 
Slenderness Ratio (Implicitly) 

   2020  Nasiri & Liu [43]  Equation OOP Strength IP Pre-Damage
Aspect Ratio (Implicitly) 

Masonry Material (Implicitly) 
 – 

   2020  Akhoundi et al. [98]  Equation 
OOP Strength
OOP Stiffness

IP Pre-Damage –  – 

   2021  Di Domenico et al. [101]  Equation OOP Strength IP Pre-Damage
Critical IP Drift (Explicitly) 

Aspect Ratio (Explicitly) 
Slenderness Ratio (Explicitly) 

 – 

   2021  Xie et al. [108]   Equation OOP Strength IP Pre-Damage
Critical IP Drift (Explicitly) 

Aspect Ratio (Explicitly) 
Slenderness Ratio (Explicitly) 

 – 

   2022  Morandi et al. [81]  Equation OOP Strength
OOP Stiffness

IP Pre-Damage
Critical IP Drift (Explicitly) 

Ultimate IP Drift (Explicitly) 
Slenderness Ratio (Implicitly) 

 – 

 OOP/IP  2002  Al Chaar et al. [132]   Interaction Curve IP Strength OOP Pre-Load –  – 

   2009  Kadysiewski and Mosalam [8]  Interaction Curve IP Strength OOP Pre-Load –  ASCE 41 [140] (for SM loading)

   2016  Kong et al. [16]   Interaction Curve IP Strength OOP Pre-Load –  – 
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modified due to interaction, the primary parameter used to quantify the 
modification, the additional parameters considered (either “explicitly” 
or “implicitly”), and their implementation in design and assessment 
standards. The “explicitly” term refers to cases where the parameter is 
directly included in the predictive equation, while the “implicitly” term 
indicates that, although the parameter is not explicitly represented, the 
equation is derived from datasets that include specimens exhibiting 
variations in that parameter.

Regarding IP/OOP interaction effects, several formulas have been 
proposed to calculate the reduction in OOP behavioral parameters as 
functions of changes in the IP response. Specifically, 14 studies [2,43,45, 
71,72,81,89,91,92,98,101,108,130,131] utilize outcomes from previ
ous SQ studies to generate equations for the drop in OOP cracking and 
peak strength, as well as initial and secant stiffness (corresponding to the 
peak force) at different IP pre-damage levels. Other IP/OOP interaction 
scenarios (such as under SC, CB, or SM loading) are largely absent from 
the guidelines because they have not been sufficiently studied for the 
development of analytical formulations.

For the changes in OOP strength, the earliest development was 
proposed by Angel et al. [71,72], who suggested that IP/OOP interaction 
effects remain negligible as long as the panel does not crack under IP 
loading. Accordingly, they defined the OOP strength reduction factor as 
a function of the maximum IP drift normalized by the IP drift at which IP 
cracking initiates. A key ambiguity in this approach lies in the definition 
of cracking drift, as it is unclear whether it corresponds to the first visible 
cracks or major cracks. Since this parameter exhibits significant vari
ability (ranging from 0.2 % to 0.65 % across different walls), it has been 
shown to substantially influence the predicted strength reduction rate 
[101]. More recent formulations refine this approach, allowing IP/OOP 
interaction to take effect at IP drifts as low as 0.14 %–0.2 % [2,91]. Di 
Domenico et al. [101] furthered previous developments by proposing a 
formula that calculates the critical IP drift based on the slenderness and 
aspect ratios of the walls, extending previous assumptions to accom
modate both thick (h/t < 10.0) and thin (h/t > 20.4) walls, where 
critical IP drifts as high as 0.5 % have also been observed. Some other 
studies [43,81,89,98,131], however, take a more conservative stance 
and allow for OOP response degradation even with the slightest IP drift, 
disregarding the presence of a critical drift threshold.

Various mathematical functions have been employed to capture the 
progression of OOP strength degradation under IP/OOP interaction. 
Studies such as [89,98] propose a linearly increasing reduction factor 
calibrated from limited experimental data but lack validation against 
larger datasets. A piecewise step function is adopted in [130], where the 
OOP strength drops to 20 % of its initial value at 0.3 % IP drift, and 
remains constant until an ultimate 1.0 % IP drift, at which it drops to 
zero. This equation is based on tests on thin specimens (h/t = 20.4) and 
is overly conservative for thicker walls [92]. In the piecewise linear 
functions used in [43,81,131] the reduction factor linearly changes 
between specific values at pre-specified IP drifts. The parameters 
defining the functions of [81,131] are trained based on very specific 
experimental data points and fail to generalize across different wall 
types. For example, the curve in [131] is developed based on thick-wall 
data (h/t = 8.8) and underestimates the strength drop in thinner walls. 
The function in [43] incorporates a broader range of numerical data but 
is based on average behaviors across specimens with different geomet
rical and mechanical properties, limiting its ability to capture the in
fluence of individual properties. Angel et al. [71,72] propose an 
exponential function that accounts for slenderness but suffers from poor 
calibration, leading to excessive strength reduction, particularly for 
more slender walls [41]. Ricci et al. [92] introduce a power function 
incorporating aspect ratio, which aligns well with squat walls 
(1.3 <l/h<1.5) and slenderness ratios above 15. Di Domenico et al. 
[101] refine this approach using an extended dataset that includes 
square and thicker walls (1.0 <l/h<1.6 and h/t = 8.8). Xie et al. [108]
propose a simpler and more accurate equation that replaces height with 
diagonal span length in slenderness calculations, integrating aspect ratio 

implicitly rather than as an independent parameter.
While the abovementioned equations are not explicitly limited to an 

upper IP drift, they remain valid only up to a certain level of IP pre- 
damage level due to the absence of experimental or numerical data 
beyond this threshold. Consequently, studies typically restrict their 
methodologies to predefined ultimate IP pre-damage drift levels, typi
cally ranging between 1 % and 1.5 %. Beyond this limit, different as
sumptions are made: some models set the OOP strength to zero [98,130, 
131], others maintain it at 40 % of the initial value [81], while certain 
formulations simply become undefined [101]. It should be noted that 
the influence of opening, frame material, and type of framed specimen 
(IM vs. CM) are not represented in these equations. Moreover, only 
[136] and [43] implicitly include the effect of masonry material 
properties.

In addition to OOP strength degradation under IP/OOP interaction, 
some studies propose models for estimating reductions in initial OOP 
stiffness and the stiffness at peak strength [2,81,91,92,98,136], 
following similar principles to those used for determining strength 
reduction. However, these formulations do not account for material 
variability, which could significantly affect the reduction in OOP 
behavioral parameters. Furthermore, no predictive models currently 
exist for estimating changes in ductility in pre-damaged walls. The 
absence of clear trends in ultimate OOP deformation, coupled with the 
force-controlled nature of the OOP loading phase in the tests, prevents 
the derivation of reliable equations for post-damage ductility.

Building codes and guidelines increasingly acknowledge the impor
tance of IP/OOP interaction effects in design and safety assessments, yet 
they rarely provide explicit prescriptions. The only widely adopted 
formulation is the OOP strength reduction equation by Angel et al. [71], 
which has been incorporated into several seismic assessment standards. 
Due to the complexity of the original equation, a simplified version with 
a uniform 24 % reduction coefficient at all pre-damage levels was 
introduced in FEMA 273 [137] in 1997, and later retained in FEMA 356 
[138] in 2000 and ASCE 41 [139] in 2006. A lower-bound alternative 
with a constant 40 % reduction factor was adopted in the 2017 revision 
of ASCE 41 [140]. The New Zealand NZSEE guideline [141] implements 
a linearized version that assigns a constant reduction factor based on the 
slenderness ratio. FEMA 306 [142] is the only standard that retains the 
original formulation, presenting the reduction factor in tabulated form 
based on the slenderness ratio and two levels of IP pre-damage: one 
moderate (corresponding to cracking) and the other severe (twice the 
cracking drift). However, regardless of its implementation, the equation 
of Angel et al. [71] significantly overestimates strength reduction due to 
its derivation for a representative slender strip under one-way bending, 
which neglects horizontal arching effects in two-way bending [101]. 
Moreover, it exhibits high variability and inconsistent predictions [88].

Regarding the OOP/IP interaction effects, 3 studies [16,132] propose 
regression-based equations for calculating the IP strength reduction due 
to OOP pre-load under CB loading scenario, although with very limited 
data to support their propositions. Kong et al. [16] derive interaction 
curves for IP strength reduction, based on numerical simulations of a 
single wall. Similarly, [132] presents a polynomial curve fitted to only 
two data points from numerical simulations. Finally, the ASCE 41 
standard [140] adopts a 3/2-power interaction curve for specimens 
subjected to simultaneous IP and OOP load. However, this formulation, 
originally proposed by Kadysiewski and Mosalam [8], is based on nu
merical simulations of walls under OOP pre-load in the CB loading 
scenario, rather than the SM loading scenario. Moreover, the effect of no 
additional parameters is included in the development of these interac
tion curves.

5.3. Macro-element numerical models capable of simulating IP-OOP 
interaction effects in buildings

Although more detailed modeling strategies, such as those in [38,43, 
47,49–52,143], can effectively capture IP-OOP interaction effects and 
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are widely employed in wall-level investigations, their computational 
cost makes them impractical for large-scale structural analyses. Conse
quently, macro-element modeling has gained traction in recent years as 
an efficient alternative. Among the numerous macro-element models 
proposed in the literature, 11 instances [15,28,29,32,38,40,42,117,133, 
134,144] have been utilized in various studies [3,9,13,15,20,28–31, 
33–38,41,95,101,127,129,135] to capture IP-OOP interaction effects. 
These models employ different geometrical configurations and me
chanical behaviors for the strut-and-tie systems that replace each ma
sonry wall in the simulated building or frame. Due to space limitations, 
the presentation of such details is avoided, and only the classification of 
these models into three tiers based on their treatment of interaction 
effects is presented.

The first tier consists of the 5 mechanics-based models [32,38,117, 
133,134] that, while not explicitly designed for IP-OOP interaction, 
capture it as a byproduct of their mechanics-based approach. Three of 
these [32,117,134] replace masonry panels with planar braces, dis
cretizing each strut into multiple fibers stacked along height and 
thickness. The fiber-level mechanical properties are calibrated so that 
the entire brace replicates both IP and OOP behaviors of the original 
wall. This enables localized damage in individual fibers, leading to 
realistic strength degradation under combined loading conditions. In the 
fourth model [133], the panel is discretized into several rigid trusses 
connected to a central single-fiber truss element. The central element is 
assigned different nonlinear behaviors in IP and OOP directions, which 
are linked via a mutual damage parameter. The fifth model [38] em
ploys a 3D brace configuration instead of a planar one, using single-fiber 
truss elements arranged in a non-planar layout. This configuration 
naturally develops resistance to both IP and OOP load, allowing the 
model to capture interaction effects under different loading scenarios.

The second tier includes 3 models [28,29,135] that extend the 
models of the previous tier by incorporating interaction effects through 
element removal techniques. In these models, the struts and ties of each 
masonry panel are removed once failure of the corresponding panel 
occurs in either the IP or OOP direction. IP and OOP yield and failure 
thresholds are determined using empirically based interaction laws, 
such as the 3/2-power formulation proposed in [8] or similar linearized 
criteria [135]. Hence, this tier belongs to the category of hybrid 
analytical approaches. It should be noted that the model developed in 
[28] only applies element removal when the OOP displacement 
threshold is reached, considering only the OOP/IP interaction effects. 
The remaining models consider thresholds for both IP and OOP 
deformation.

The third tier comprises 4 additional hybrid models [15,40,42,144]
that further integrate IP and OOP behaviors by dynamically modifying 
the parameters defining the constitutive IP behaviors during the simu
lation based on the extent of OOP damage and vice versa. Reduction 
factors for the IP and OOP constitutive behavioral parameters are 
derived from empirical equations based on single-wall experiments or 
numerical simulations conducted under IP pre-damage and sequential 
loading. However, since these models are applied to structures subjected 
to bidirectional seismic loading, their empirical reduction laws may not 
fully capture the complexities of simultaneous loading effects. Notably, 
one of these models [42] accounts only for IP/OOP interactions, dis
regarding OOP/IP interaction effects, limiting its applicability in certain 
scenarios.

6. Current knowledge gaps in the study of interaction effects in 
framed URM walls

The literature on framed URM walls subjected to IP-OOP interaction 
has grown in recent years; however, several critical gaps continue to 
hinder confident prediction and design. The available experimental and 
numerical data remain scattered across loading scenarios and specimen 
configurations, while many analytical developments are based on 
limited datasets. Consequently, the extrapolation of wall-level findings 

to frame- or building-scale applications remains only partially validated. 
Additionally, the lack of consistent terminology for interaction types and 
loading scenarios has impeded coherent comparison across studies and 
modeling approaches. Addressing these limitations requires targeted 
experimental efforts, clearly documented loading protocols, and 
analytical or numerical tools calibrated against broader datasets that 
reflect realistic boundary conditions and geometrical configurations. 
The following sections outline the key knowledge gaps identified in this 
review.

6.1. Scientific gaps in understanding the interaction effects

Research attention remains uneven across interaction types and 
governing parameters. The emphasis is predominantly on IP/OOP 
interaction effects, whereas OOP/IP interaction is supported by 
comparatively few studies. Most experimental data are gathered from 
the SQ loading scenario, while data regarding the other scenarios, 
especially SM which is most representative of realistic seismic loading 
conditions is sparse. Slenderness ratio (h/t) is consistently identified as 
the dominant driver of OOP degradation after IP damage, but reported 
trends include contradictions. Aspect ratio (l/h) influences failure mode 
and arching activation, yet cross-study consistency is limited. The in
fluence of openings and multi-bay behaviors are also underrepresented. 
Scale effects on IP-OOP interaction remain unexplored. A significant 
lack of data is also highlighted for CM walls despite their different 
response to IP-OOP interactions compared to IM walls. The role of frame 
material on the interaction effects is also not investigated.

6.2. Limitations in experimental, numerical, and analytical methodologies

The available dataset is skewed. Over 90 % of tested framed speci
mens are IM walls, while CM walls are rarely considered. Multi-bay 
frames are scarcely represented, and openings appear in only six 
tested panels across all experimental campaigns. Most tests are carried 
out considering IP/OOP interaction and employ the SQ loading scenario, 
with limited representation of full SM loading. Moreover, loading his
tories are often restricted to simple QSM loading. Many specimens are 
single-wythe, and the role of cavities or multiple wythes is inconsistently 
addressed, leading to inconclusive findings. Experimental campaigns 
involving scaled specimens do not include full-scale counterparts, pre
venting any meaningful investigation of scale effects. Numerical models 
are typically calibrated against a small set of benchmark experiments, 
and their findings cannot be reliably generalized to a broader range of 
structural configurations. On the analytical and numerical side, 
commonly used IP/OOP reduction equations are validated only up to 
1–1.5 % IP drift. Beyond this range, studies often adopt incompatible 
assumptions, such as zero residual capacity or fixed residual fractions, 
and no predictive models currently exist for post-damage ductility. 
Furthermore, the IP drift threshold at which IP/OOP interaction effects 
initiate varies widely (0.2–0.65 %) and lacks a uniform definition, 
resulting in significant discrepancies in strength-loss predictions. At the 
building scale, detailed continuum or fine-resolution models are capable 
of capturing interaction effects but are computationally intensive. 
Macro-element approaches offer reduced computational cost, yet many 
rely on empirical reductions derived from limited SQ testing and often 
fail to capture SM loading effects. In some cases, OOP/IP interaction is 
entirely omitted, further limiting the applicability of such models under 
true bidirectional loading conditions.

6.3. Practical gaps in design and assessment guidelines

Design and assessment provisions acknowledge the influence of IP- 
OOP interaction. However, the analytical equations they implement 
remain calibrated on narrow datasets and omit several key governing 
variables identified at the wall level. A primary limitation concerns the 
dependence on loading scenario. Most regression-based formulations 
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are calibrated using SQ loading data, and even where SM curves are 
cited in practice (e.g., a 3/2-power relationship), they are effectively 
derived from CB loading datasets. A second limitation lies in the treat
ment of interaction types within modeling frameworks. While several 
building-scale macro-element implementations account for IP/OOP ef
fects, they often exclude OOP/IP interactions and therefore cannot 
capture the reduction in IP strength or stiffness caused by prior or 
concurrent OOP actions. A third constraint relates to boundary condi
tions embedded within the reduction equations. The most widely 
adopted formulation [71,72] is calibrated for one-way bending, thereby 
neglecting horizontal arching effects under two-way bending condi
tions. When these equations are further simplified in code applications 
to depend primarily on slenderness, the exclusion of two-way effects is 
effectively preserved, introducing bias in cases where arching signifi
cantly contributes to the OOP response. A fourth and equally significant 
limitation pertains to the representation of material properties. 
Commonly used interaction reductions emphasize geometric parame
ters, particularly slenderness ratio, and occasionally aspect ratio and IP 
pre-damage drift, but omit unit and mortar strength, bond quality, and 
masonry typology as explicit variables. These material characteristics 
have been shown to substantially influence masonry bond and, in turn, 
seismic response [145,146]. Other key factors, such as the presence and 
configuration of openings, the number of wythes, and the distinctions 
between CM and IM behavior, are also entirely absent from current 
formulations.

7. Conclusions

This paper presents a comprehensive dataset of the studies available 
in the literature on the influence of interaction between in-plane (IP) 
and out-of-plane (OOP) behaviors on the response of framed unrein
forced (URM) masonry. The findings of currently published experi
mental and numerical investigations on IP-OOP interaction effects in 
infill and confined masonry walls are reviewed, and key factors influ
encing IP-OOP interaction, including geometric configurations, material 
properties, boundary conditions, and loading scenarios, as well as areas 
requiring further investigation are identified. The state-of-the-art 
analytical equations and macro-element models developed based on 
wall-level studies for the purpose of estimating the behavior of larger 
structures, such as multi-bay multi-story frames and complete buildings, 
are reviewed, and knowledge gaps are highlighted. The main findings of 
the paper are summarized as follows: 

• The studies on IP-OOP interaction in framed URM walls do not follow 
a consistent terminology, which has led to inconsistent use of terms 
for fundamentally different interaction scenarios. To address this, the 
present study introduces a unified classification system with 
consistent terminology to clearly define and distinguish various 
types of IP-OOP interactions.

• The review highlights the scarcity of experimental and numerical 
investigations on IP-OOP interaction effects. Existing studies often 
focus on isolated conditions, limiting their applicability to broader 
structural assessments.

• While both IP/OOP and OOP/IP interactions influence the seismic 
performance of framed masonry structures, the majority of existing 
studies focus on IP/OOP effects, where prior in-plane damage 
weakens the out-of-plane capacity. The influence of wall geometry, 
boundary conditions, and loading conditions, as well as material 
properties, requires further experimental and numerical validation.

• Regarding IP/OOP interaction effects, the slenderness ratio is the 
most critical factor. Slender walls (h/t > 20) suffer pronounced 
strength degradation under IP pre-damage, due to increased insta
bility and lower arching effects, while squat walls (h/t < 10) show 
more stable OOP behavior. Aspect ratio follows, affecting failure 
modes and load distribution, particularly in tall walls (l/h<1.0) 
where horizontal arching action plays a significant role in the OOP 

behavior. However, studies on aspect ratio effects remain inconsis
tent, highlighting the need for further targeted investigations.

• Other parameters less investigated experimentally yet significantly 
influencing IP/OOP interaction effects include the material proper
ties of masonry panels and the flexibility of the surrounding frame. 
Masonry material properties, including the compressive strength, 
unit type, and bond quality, govern crack initiation and propagation 
under interaction effects. Panels with either very strong or very weak 
materials show higher sensitivity to IP pre-damage compared to 
intermediate-strength panels, due to crack localization in areas that 
coincide with OOP damage paths. Frame type also affects the com
posite action of the wall, with steel frames showing greater suscep
tibility to interaction effects due to cracking at the frame-panel 
interface when pre-damaged in IP.

• Even less studied, yet potentially impactful, parameters influencing 
IP/OOP interaction include the presence and arrangement of open
ings, which disrupt load paths and introduce localized weaknesses, 
and the behavior of multi-bay and multi-story frames, where inter
action effects accumulate across structural components, altering the 
global response mechanisms.

• Analytical equations developed for larger structures primarily focus 
on the sequential effects of IP pre-damage on OOP response. 
Although many of these models incorporate the effects of wall pa
rameters, such as slenderness, aspect ratio, and boundary conditions, 
they rely on limited datasets, which hinders their predictive capa
bility for broader applications.

• Current seismic guidelines acknowledge IP-OOP interactions but 
provide minimal design prescriptions. The equation by Angel et al. 
[71], widely adopted in codes, tends to overestimate strength 
degradation due to its simplified assumptions.

Despite significant progress in understanding IP-OOP interaction 
effects, several critical research gaps remain. More systematic in
vestigations are required to establish a comprehensive understanding of 
interaction mechanisms and to consistently evaluate the influence of key 
parameters, particularly slenderness ratio, aspect ratio, frame flexibility, 
and the presence of openings, on IP-OOP interaction effects. The ma
sonry bond pattern is another parameter requiring more investigation. 
Although numerical models, especially macro-element ones, offer 
valuable insights, their reliability should be improved through calibra
tion and validation against a broader range of experimental data. The 
development and incorporation of more robust design and assessment 
equations, grounded in the more realistic SM loading scenario and 
including more structural properties, into guidelines will be essential for 
advancing reliable assessment and retrofitting strategies for masonry 
buildings in seismic regions.
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[93] Butenweg C, Marinković M, Salatić R. Experimental results of reinforced concrete 
frames with masonry infills under combined quasi-static in-plane and out-of- 
plane seismic loading. Bull Earthq Eng 2019;17:3397–422. https://doi.org/ 
10.1007/s10518-019-00602-7.
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