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Abstract

This study reviews existing research on the effects of the interaction between in-plane (IP)
and out-of-plane (OOP) behaviors on the seismic response of non-framed unreinforced
masonry (URM) structures. During earthquakes, masonry buildings exhibit complex be-
haviors. First, walls may experience simultaneous IP and OOP actions, or pre-existing
IP and OOP damage, deformation, or loads that can alter their unidirectional IP or OOP
seismic response. Second, the IP and OOP action of one wall can affect the behavior
of its intersecting walls. However, the effects of these behaviors, referred to as “direct
IP-OOP interactions” and “Flange effects”, respectively, are often disregarded in design
and assessment provisions. To address this gap, this study explores findings from ex-
perimental and numerical research conducted at the wall level currently available in the
literature, identifying the nature of these interaction effects and the key parameters that
affect their extent. The available body of work includes only a few experimental studies on
interaction effects, whereas numerical investigations are more extensive. However, most
numerical studies focus on how OOP pre-damage/deformation influences the IP behaviors
(OOP/IP interactions) and the role of flanges in IP response (F/IP interactions), leaving
significant gaps in understanding the effects of IP pre-damage/deformation on the OOP
response (IP/OOP interactions) and the OOP response in the presence of flanges (F/OOP
interactions). Among the parameters studied, boundary conditions, wall height-to-length
aspect ratio, and vertical overburden are found to have the most significant influence on
interaction effects because of their relevance for the IP and OOP failure mechanisms. Other
parameters, such as the restriction of top uplift, the presence of openings, or changes in
slenderness ratio, are not comprehensively studied, and the available data are insufficient
for definitive conclusions. Methodologies available in the literature for extrapolating the
findings observed at the wall level to building-level analyses are reviewed. The current
predictive equations primarily address the effects of OOP pre-load and Flange effects on IP
response. Furthermore, only a few macro-element models are proposed for cost-effective,
large-scale building simulations. To bridge these gaps, future research must expand experi-
mental investigations, develop more comprehensive design and assessment equations, and
refine numerical modeling techniques for building-level applications.

Keywords: unreinforced masonry; interaction; in-plane; out-of-plane; flange effect;
earthquake loading; non-framed walls
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1. Introduction
Unreinforced masonry (URM) structures are widely used worldwide due to their

ease of construction, affordability, sound and thermal insulation, and low maintenance
requirements [1]. Despite their satisfactory performance under gravity load, URM build-
ings are notably vulnerable to lateral forces, such as those induced by earthquakes [2–6].
For instance, the recent earthquake on 6 February 2023 in Kahramanmaraş (Türkiye) [7,8]
caused severe damage to URM structures, rendering approximately 31% of the building
stock unusable due to widespread failures at wall corners, separation from perpendicular
walls, and excessive cracking. Despite such vulnerability to earthquakes, URM structures
remain prevalent even in highly seismic regions [9], underscoring the need for a compre-
hensive understanding of their seismic response to develop reliable design and assessment
methodologies.

Given the complexities involved in studying the seismic response of entire buildings
experimentally or numerically [10], many investigations focus on individual wall-scale
behaviors, often under simplified loading and geometric assumptions [11,12]. A key chal-
lenge in predicting the seismic performance of non-framed URM structures (i.e., of walls
that are not supported or restrained by a surrounding structural frame, such as reinforced
concrete or steel beams and columns) arises from the interaction between in-plane (IP)
and out-of-plane (OOP) responses in different walls [13]. In this realm, experimental and
numerical studies remain limited. Although real earthquakes subject walls to a combination
of IP and OOP deformation [14], most research isolates these effects, investigating either
exclusive IP [15–21] or exclusive OOP [11,22–37] loading. Furthermore, while intersecting
walls influence the IP and OOP performance of each other [38,39], studies typically an-
alyze isolated non-flanged walls, disregarding their interaction with adjacent structural
components [40]. These simplifications create a critical knowledge gap in understanding
how such interactions impact both wall-level and overall building responses, limiting the
accuracy of design and predictive models [41–45]. Notably, although well-established clas-
sifications and predictive equations for damage in URM walls under IP and OOP loading
exist, examples of which can be found in [46–48], they do not fully consider the complexity
of real-world seismic responses such as failure due to weak connections with perpendicular
walls and cracking caused by the combined IP and OOP actions.

The effects of combined IP and OOP actions, as well as the presence of flanges on the
response of URM walls, have gained relevance as the poor performance of URM build-
ings during recent earthquake events [49–51] has raised significant concerns regarding
their safety. It is also highly relevant for regions such as the Groningen province in the
Netherlands, wherein induced earthquakes occur frequently (several dozens per year [52])
from different local epicenters, causing light structural damage. The accumulation of such
damage from previous seismic events has raised concerns about its impact on structural
performance. Specifically, typical Dutch URM buildings are regular non-framed construc-
tions made with slender walls. Since these buildings have not been designed to withstand
seismic events, the OOP performance of their walls under different levels of pre-existing IP
damage has become a topic of investigation in recent years.

To highlight current knowledge gaps and identify promising directions for future
research, this paper presents a comprehensive review of studies on the interaction between
IP and OOP behaviors and their influence on the seismic response of non-framed URM
walls. In addition to synthesizing existing research, this paper proposes a consistent
terminology for IP and OOP interaction effects, addressing the lack of standardization
and enabling clearer comparison and communication across studies. The manuscript is
structured as follows. Section 2 defines the wall-level IP and OOP interaction mechanisms
considered within the scope of the study, followed by a review of all relevant publications
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in Section 3. The outcomes of all experimental and numerical studies examining interaction
effects at the wall level are analyzed and cross-compared in Section 4, along with an analysis
of how different wall properties influence these behaviors. Section 5 reviews current design
and assessment guidelines and discusses studies that extend wall-level findings to full-
building analyses. Section 6 outlines the identified knowledge gaps requiring further
investigation. Finally, an overview of the conclusions drawn based on the current available
knowledge, with recommendations for future research, is presented in Section 7.

2. Definition of “In-Plane and Out-of-Plane Interaction Effects” in
Non-Framed URM Walls

Due to the scarcity of studies on the interaction between IP and OOP responses in
non-framed URM walls, a consistent classification of such interactions and their different
scenarios is currently missing in the literature. Hence, this study proposes a consistent
definition of different types of interaction effects, introducing terminologies that capture
the range of possible interaction scenarios, aiming to systematically categorize the existing
body of research and set a benchmark for future work. Accordingly, two forms of IP and
OOP interaction are considered. The first, termed “direct interaction”, occurs at the level of
individual walls, where existing IP load, deformation, or damage alters the OOP response
of the wall, and existing OOP load, deformation, or damage alters its IP response [53]. The
influence of IP response on OOP behavior is referred to as “IP/OOP interaction”, while the
reverse effect is termed “OOP/IP interaction”. Collectively, these are designated as “direct
IP-OOP interaction effects”. The second, “indirect interaction”, occurs at the structural level
due to the presence of intersecting perpendicular walls, commonly referred to as “flanges”
or “return elements”. These flanges modify the IP and OOP behavior of the primary (or
the main) wall [54], known as the “flanged wall”. This influence is termed “Flange effects”
to distinguish it from direct IP-OOP interactions. The effect of flanges on the IP and OOP
behavior of the main panel is denoted as “F/IP interaction” and “F/OOP interaction”,
respectively.

As shown in Figure 1, direct IP-OOP interactions are investigated under four loading
scenarios: sequential (SQ), successive (SC), combined (CB), and simultaneous (SM). SQ
loading involves first applying and unloading the wall in either IP or OOP lateral direction
to pre-damage the wall, before loading it in the orthogonal direction. SC loading also
applies IP and OOP loads separately but alternates between them in multiple loading
steps to capture cumulative damage effects. CB loading introduces a pre-load or pre-
deformation in one direction, which is then held constant while a new load is applied
in the perpendicular direction. Pre-load may result in deformations that change during
subsequent loading, while pre-deformation alters the forces required to maintain them,
leading to different structural responses compared to pre-loading. SM loading applies both
IP and OOP loads concurrently, with varying intensity ratios, closely replicating real-world
seismic conditions of structures experiencing multi-directional loading. Different loading
sequences in each loading scenario are further distinguished, as illustrated in Figure 1. For
SQ and CB loading scenarios, sequences that start in IP loading followed by OOP loading
are labeled as “IP, OOP”, while those beginning with OOP followed by IP loading are
labeled as “OOP, IP”. Similarly, for SC scenarios, “IP, OOP, IP” indicates sequences that
start with IP loading, and “OOP, IP, OOP” denotes those that begin with OOP loading.
Finally, simultaneous IP and OOP loading in the SM scenario is labeled as “IP + OOP”.

Flange effects occur due to the interaction between intersecting walls, redistributing
forces between the main wall and its flanges. This redistribution affects both IP and
OOP responses, occurring under pure IP or OOP loading as well as all direct IP-OOP
interaction loading scenarios mentioned above. Consequently, Flange effects not only
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modify the unidirectional response of the primary wall and flanges [41] but also influence
their behavior under direct IP-OOP interactions. Hence, some studies explore the latter in a
combined interaction scenario referred to in this study as “F/IP-OOP interaction.”

 

Figure 1. Examples of different loading sequences used in the study of direct IP-OOP interaction
effects. For the meaning of abbreviations, please refer to the Nomenclature section.

3. Available Research on Interaction Effects in Non-Framed URM Walls
As of 2025, the number of research articles, conference contributions, and theses ad-

dressing direct IP-OOP interactions and Flange effects in non-framed URM walls remains
limited. Figure 2 illustrates the growing, yet relatively recent interest in these interaction
effects, with related publications emerging primarily over the past two decades. Specif-
ically, direct IP-OOP interactions are examined in 25 studies [54–76], Flange effects in
21 [70,76–93], and F/IP-OOP interactions in only three [70,76,87]. These works are cate-
gorized by their methodology of studying interaction effects, with experimental studies
conducted in 18 publications [54,56,68,71–75,77–86] and numerical simulations forming
the basis of 27 publications [41,55–70,76,82,87–94]. Tables 1 and 2 detail the wall speci-
mens studied experimentally and numerically for interaction effects, respectively. The
tables include information on the type of interaction studied, mechanical and geometri-
cal properties of the walls, loading assumptions, and boundary conditions. The number
of specimens studied for each interaction type is also shown in Figure 2B. Some works,
especially numerical ones [55–58,64,69,71,76,90,93], include additional specimens beyond
those listed in the tables; however, due to the unavailability of relevant data, they cannot
be utilized in interpreting interaction effects. Thus, only the specimens with a complete
description are considered, and only their number is reported for each study. Hence, the
two publications that do not present the results of their numerical simulations [41,58] are
excluded from Figure 2B, Table 2, and the corresponding reviews. It should be noted that
in the context of non-framed URM walls, the definition of aspect ratio can vary as different
studies may consider it as the height-to-length dimension ratio or the length-to-height
dimension ratio. This study uses the former definition across all the reviewed publications
to maintain consistency in the collected data. It should be noted that the latter definition is
more in line with the definition of aspect ratio used in the study of framed URM walls [94].

Experimental studies provide crucial insights into the seismic performance of masonry
structures, capturing key parameters such as shear resistance, stiffness degradation, energy
dissipation, and failure mechanisms under the influence of interaction effects. By applying
lateral loads in controlled laboratory settings, these tests replicate earthquake-induced
forces and help characterize the behavior of URM walls [95]. However, the high costs,
complexity, and scalability limitations of physical testing significantly restrict the number
of experiments that can be conducted, making it challenging to explore a wide range
of influencing parameters [96]. Consequently, studies on direct IP-OOP interaction and
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Flange effects in URM remain scarce, with only eight [54,56,68,71–75] and 11 [77–86]
publications available on each topic, respectively. Among the 20 available direct IP-OOP
interaction experiments, only eight [68,74] involve full-scale wall specimens, while the
remaining 12 [56,71–73,75] focus on small-scale wallets due to the considerable challenges
in designing and executing direct IP-OOP interaction tests. In contrast, Flange effect studies
are conducted on 44 full-scale walls, as their experimental setups face fewer practical
constraints.

 

Figure 2. Overview of experimental and numerical studies focusing on non-framed unreinforced
masonry walls under the effects of different interactions between IP and OOP behaviors: number of
publications per year (A) and number of specimens (B). For the meaning of abbreviations, please
refer to the Nomenclature section.

The experiments listed in Table 1 specifically focus on URM walls and the influence
of different parameters on the extent to which different interaction effects occur. In other
words, the reference non-flanged specimens under exclusive IP or OOP loading presented
in the publications are excluded as they fall outside of the scope of the current review.
Moreover, although several additional studies on flanged walls subjected to IP [97–101] or
OOP [11,23,25,27,28,34,35,38,49,102–111] loading exist in the literature, they are excluded
from the database for several reasons. First, some studies [11,23,27,49,102–105,112] use
flanges purely as boundary elements to impose restrictions on the OOP response of the main
panel rather than examining their structural influence. Second, other works investigate
reinforced masonry walls [97], different strengthening techniques [35,38], or flange-to-wall
connection improvements [108–111], which do not contribute to understanding Flange
effects in unreinforced masonry. Third, several studies [28,34,106] focus on URM specimens
but do not explicitly analyze the impact of flanges on the main wall or compare flanged
cases with non-flanged references. Lastly, one study [101] investigates Flange effects on the
axial response of the URM walls only, which falls outside the present review’s focus.
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Table 1. Experimental studies on the effects of different interactions between IP and OOP behaviors in non-framed unreinforced masonry walls. For the meaning of
abbreviations, please refer to the Nomenclature section. Parentheses show the number of specimens with the specific features.

Interaction
Scenario Year Publication(s)

URM
Interaction

Tests
(Number—Type)

Scale
(Test/Reality)

Masonry
Unit
Type

Mortar
Type

Masonry
Prism Com-

pressive
Strength

(f’
m) [MPa]

Opening
Type

Flange
Configuration *

Flange/Wall
Length
Ratio
(lf/l)

Height/Length
Aspect Ratio

(h/l)

Length/Thickness
Slenderness Ratio

(h/t)

No.
Wythes

Wall
Thickness
(t) [mm]

Loading
Scenario and

Sequence

IP Loading
(Procedure,
Apparatus,
Boundary

Conditions)

OOP Loading
(Procedure,
Apparatus,
Boundary

Conditions)

Vertical
Overburden

Stress/Strength
(Flanges + Wall)

[%]

OOP/IP 2012 [56,71] 5—Wt 1:1 HCLB
(V) 1:3 (C:S) 8.0 – – – 1.0 6 1 100 CB (OOP, IP) QSM, DiC, – QSM, WFMiPL,

2WB 0

2015 [75] 5—Wt 1:1 SFAB Dry-Joint 6.8 – – – 0.67 4 1 115 CB (OOP, IP) QSM, DiC, – QSM, WFMiPL,
2WB 9.2

2015 [54,74] 1—NFW 1:1 SCLB 1:1:5
(C:L:S) 4.5 – – – 0.9 15.2 1 100 CB (OOP, IP) QSM, ToD, DC QSM, ToL, 1WB-Ct 16

1—NFW 1:1 SCLB 1:1:5
(C:L:S) 4.5 – – – 1.0 15.9 1 100 CB (OOP, IP) QSC, ToD, DC QSM, ToL, 1WB-Ct 16

2—NFW 1:1 SCLB 1:1:5
(C:L:S)

4.5 (1)
1.6 (1) – – – 1.0 15.9 1 100 CB (OOP, IP) QSC, ToD, DC QSM, ToD, 1WB-Ct 16

2023 [68] 2—NFW 1:1 SCLB 1:6 (C:S) 3.3 – – – 1.0 6.3 1 230 CB (OOP, IP) QSM, ToD, Ct QSM, ToD, 1WB-Ct 0

2—NFW 1:1 SCLB 1:6 (C:S) 4.8 – – – 1.25 6.3 1 230 CB (OOP, IP) QSM, ToD, Ct QSM, ToD, 1WB-Ct 0

IP/OOP 2020 [72,73] 2—Wt 1:1 HCLB
(H)

1:1:5
(C:L:S) 4.0 – – – 1.0 10.8 1 80 SQ (IP, OOP) QSM, DiC, – QSM, WF3PL,

1WB-B 0

F/IP 2010 [77,79,113] 2—FW 1:1 SCLB 1:2:9
(C:L:S) 18.1 – ⊥⊤ 0.24 0.63 (1)

1.0 (1)
5.2 (1)
8.2 (1) 2 230 IP QSC, ToD, DC – 0 + [0.1 to 0.6]

1—FW 1:1 SCLB 1:2:9
(C:L:S) 10.1 – ⊥⊤ 0.12 0.5 8.7 2 230 IP QSC, ToD, DC – 0 + [0.1 to 0.6]

3–FW 1:1 SCLB 1:2:9
(C:L:S)

9.2 (1)
11.9 (1)
9.1 (1)

–
⊥⊤ (1)
⊤ (1)
< (1)

0.24 0.5 8.7 2 230 IP QSC, ToD, DC – 0 + [0.1 to 0.6]

2013 [78] 2—FW 1:1 SCSBL Adhesive 27.3 – ⊤ 0.20 2.5 14.8 1 175 IP QSC, ToD, Ct – 8 + 8 (1)
17 + 17 (1)

2—FW 1:1 SCSBL Adhesive 22.7 – ⊤ 0.22 2.85 14.8 1 175 IP QSC, ToD, Ct – 9 + 9 (1)
20 + 20 (1)

2014 [81] 1—FW 1:2 SCLB 2:13 (C:S) 3.24 – ⊥⊤ 0.25 0.48 8.4 1 160 IP QSC, ToD, DC – 3.1 + 3.1

1—FW 1:2 SCLB 2:13 (C:S) 3.24 – < 0.36 0.7 12.3 1 110 IP QSC, ToD, DC – 3.1 + 3.1

2018 [83] 2—FW 1:1 SCLB 1:4 (C:S) 4.34 W < 0.32 1.0 13.5 2 225 IP QSC, ToD, DC – 1.8 + 1.1 (1)
5.3 + 3.7 (1)

F/OOP 2014 [80] 2—FW 1:5 SMB Dry-Joint NS – ⌈ 0.8 0.63 (1)
0.9 (1) 14.9 1 40 OOP – QSM, BR, 1WB-Ct 0 + 0

1—FW 1:5 SMB Dry-Joint NS – ⌈ 1.1 1.25 14.9 1 40 OOP – QSM, BR, 1WB-Ct 0 + 0

1—FW 1:5 SMB Dry-Joint NS –
⊔

0.4 0.9 14.9 1 40 OOP – QSM, BR, 1WB-Ct 0 + 0

5—FW 1:5 SMB Dry-Joint NS –
⊔

0.3 0.60 (1)
0.67 (4) 14.9 1 40 OOP – QSM, BR, 1WB-Ct 0 + 0

2—FW 1:5 SMB Dry-Joint NS – ⊤ 1.1 1.25 14.9 1 40 OOP – QSM, BR, 1WB-Ct 0 + 0

4—FW 1:5 SMB Dry-Joint NS – ⊤ 0.8 0.63 (2)
0.9 (2) 14.9 1 40 OOP – QSM, BR, 1WB-Ct 0 + 0
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Table 1. Cont.

Interaction
Scenario Year Publication(s)

URM
Interaction

Tests
(Number—Type)

Scale
(Test/Reality)

Masonry
Unit
Type

Mortar
Type

Masonry
Prism Com-

pressive
Strength

(f’
m) [MPa]

Opening
Type

Flange
Configuration *

Flange/Wall
Length
Ratio
(lf/l)

Height/Length
Aspect Ratio

(h/l)

Length/Thickness
Slenderness Ratio

(h/t)

No.
Wythes

Wall
Thickness
(t) [mm]

Loading
Scenario and

Sequence

IP Loading
(Procedure,
Apparatus,
Boundary

Conditions)

OOP Loading
(Procedure,
Apparatus,
Boundary

Conditions)

Vertical
Overburden

Stress/Strength
(Flanges + Wall)

[%]

2—FW 1:5 SMB Dry-Joint NS – ⊓ 1.1 1.25 14.9 1 40 OOP – QSM, BR, 1WB-Ct 0 + 0

2—FW 1:5 SMB Dry-Joint NS – ⊓ 0.8 0.63 (1)
0.9 (1) 14.9 1 40 OOP – QSM, BR, 1WB-Ct 0 + 0

2—FW 1:5 SMB Dry-Joint NS W ⊓ 0.7 0.53 14.9 1 40 OOP – QSM, BR, 1WB-Ct 0 + 0

3—FW 1:5 SMB Dry-Joint NS
– (2)

D (OF)
(1)

0.7 0.53 14.9 1 40 OOP – QSM, BR, 1WB-Ct 0 + 0

2015 [84–86] 2—FW 1:1 HCLB
(V)

1:2 (C:S)
(DHJ) 5.6 D ⊓ (1)

⊢ (1) 0.18 1.67 14.3 1 140 OOP – Dyn, ST, 1WB-Ct 2.4 + 2.4 (1)
4.4 + 4.4 (1)

2017 [82] 4—FW 1:10 SSB Dry-Joint NS –
⊔ 0.78 (1)

0.34 (1)
0.28 (1)
0.25 (1)

0.31 (1)
0.36 (1)
0.43 (1)
1.0 (1)

7.3 1 17 OOP – QSM, BR, 1WB-Ct 0 + 0

* Assuming that in the plan view, the loading direction is from bottom to the top of the configuration.

Table 2. Numerical studies on the effects of different interactions between IP and OOP behaviors in non-framed unreinforced masonry walls. For the meaning of
abbreviations, please refer to the Nomenclature section. Parentheses show the number of specimens with the specific features.

Interaction
Scenario Year Publication(s)

URM
Interaction
Specimens

(Number—Type)

Numerical
Modeling
Approach

Masonry
Unit
Type

Mortar
Type

Masonry
Prism

Compressive
Strength (f’

m)
[MPa]

Opening
Type

Flange
Configuration *

Flange/Wall
Length
Ratio
(lf/l)

Height/Length
Aspect Ratio

(h/l)

Length/
Thickness

Slenderness
Ratio
(h/t)

No.
Wythes

Wall
Thickness
(t) [mm]

Loading
Scenario

and
Sequence

IP Loading
(Procedure,
Apparatus,
Boundary

Condi-
tions)

OOP Loading
(Procedure,
Apparatus,
Boundary

Conditions)

Vertical
Overburden

Stress/Strength
(Flanges + Wall)

[%]

Pre-
Damage
Levels

OOP/IP 2013 [56] 3—NFW CoB HCLB
(V) 1:3 (C:S) 8.0 – – –

0.5 (1)
1.0 (1)
2.0 (1)

30 1 100 CB (OOP,
IP)

QSM, ToD,
DC-RTU

QSM, WFP,
2WB-FR4E 0 6 (3)

2014 [57] 5—NFW CoB HCLB
(V) 1:3 (C:S) 8.0 – – – 1.0

20 (1)
30 (1)
36 (1)
40 (1)
60 (1)

1 100 CB (OOP,
IP)

QSM, ToD,
DC-RTU

QSM, WFP,
2WB-FR4E 0 6 (5)

4—NFW CoB HCLB
(V) 1:3 (C:S)

4.0 (1)
6.0 (1)
8.0 (1)

10.0 (1)

– – – 1.0 30 1 100 CB (OOP,
IP)

QSM, ToD,
DC-RTU

QSM, WFP,
2WB-FR4E 0 6 (4)

60—NFW CoB HCLB
(V) 1:3 (C:S) 8.0 – – –

0.5 (12)
1.0 (36)
2.0 (12)

30 1 100 CB (OOP,
IP)

QSM, ToD,
DC-RTU

QSM, WFP,
2WB-FR4E 0 6 (60)
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Table 2. Cont.

Interaction
Scenario Year Publication(s)

URM
Interaction
Specimens

(Number—Type)

Numerical
Modeling
Approach

Masonry
Unit
Type

Mortar
Type

Masonry
Prism

Compressive
Strength (f’

m)
[MPa]

Opening
Type

Flange
Configuration *

Flange/Wall
Length
Ratio
(lf/l)

Height/Length
Aspect Ratio

(h/l)

Length/
Thickness

Slenderness
Ratio
(h/t)

No.
Wythes

Wall
Thickness
(t) [mm]

Loading
Scenario

and
Sequence

IP Loading
(Procedure,
Apparatus,
Boundary

Condi-
tions)

OOP Loading
(Procedure,
Apparatus,
Boundary

Conditions)

Vertical
Overburden

Stress/Strength
(Flanges + Wall)

[%]

Pre-
Damage
Levels

2014 [59] 17—NFW SMSBB SCLB 1:2:9
(C:L:S) 10.5 – – – 1.0 10.0 1 100 SM (IP +

OOP)
QSM, ToD,
DC-RTU

QSM, ToD,
1WB-DC-RTU 1.14 1 (17)

1—NFW SMSBB SCLB 1:2:9
(C:L:S) 10.5 – – – 1.0 10.0 1 100 SM (IP +

OOP)
QSC, ToD,
DC-RTU

QSC, ToD,
1WB-DC-RTU 1.14 1 (1)

2015 [61] 1—NFW SMSBB SCLB 1:2:9
(C:L:S) 3.5 – – – 1.0 10.0 1 100 SM (IP +

OOP)
QSM, ToD,
DC-RTU

QSM, WFP,
1WB-B-RTRU 1.14 17 (1)

2017 [62] 28—NFW SMSBB SCLB 1:1:6
(C:L:S) 10.0 – – –

0.5 (7)
1.0 (7)
1.5 (7)
2.0 (7)

16.0 1 137 SQ (OOP,
IP)

QSM, ToD,
DC

QSM, MHD,
1WB-B 1 to 25 5 (28)

28—NFW SMSBB SCLB 1:1:6
(C:L:S) 10.0 – – –

0.5 (7)
1.0 (7)
1.5 (7)
2.0 (7)

16.0 1 137 CB (OOP,
IP)

QSM, ToD,
DC

QSM, MHD,
1WB-B 1 to 25 5 (28)

2018 [63] 12—NFW CoB HCB
(V)

1:1:6
(C:L:S) 8.5 – – –

0.6 (4)
0.8 (4)
1.0 (4)

22.7 1 110 CB (OOP,
IP)

QSM, ToD,
Ct

QSM, WFP,
2WB-FR4E 0, 9.1 to 27.3 Various

2018 [64] 11—NFW CoB HCLB
(V)

1:2:9
(C:L:S)

7.0 (1)
11.0 (9)
15.0 (1)

– – – 1.0 22.7 1 110 CB (OOP,
IP)

QSM, ToD,
Ct

QSM, WFP,
2WB-FR4E-F1SE 0, 6.7 to 18.2 Various

1—NFW CoB HCLB
(V)

1:2:9
(C:L:S) 11.0 – – – 1.0 22.7 1 110 CB (OOP,

IP)
QSM, ToD,

Ct
QSM, WFP,

2WB-FR4E-FTE 0 7 (1)

2019 [65] 28—NFW SMSBB SCLB 1:1:6
(C:L:S) 10.0 – – –

0.5 (7)
1.0 (7)
1.5 (7)
2.0 (7)

8.8 1 250 SQ (OOP,
IP)

QSM, ToD,
DC

QSM, MHD,
1WB-B 1 to 25 5 (28)

4—NFW SMSBB SCLB 1:1:6
(C:L:S) 10.0 – – – 0.5 (2)

1.5 (2) 8.8 1 250 SM (IP +
OOP) Dyn, ST, DC Dyn, ST, 1WB-B 1 to 25 10 (4)

2022 [66] 5—NFW SMSBB SCLB 1:1:6
(C:L:S) 11.5 – – – 0.7 11.0 1 90 CB (OOP,

IP)
QSM, ToD,

DC QSM, WFP, 1WB-B 0, 5 to 20 Various

20—NFW SMSBB SCLB 1:1:6
(C:L:S) 11.5 – – –

1.0 (5)
1.5 (5)
2.0 (5)
2.5 (5)

11.0 (5)
16.5 (5)
22.1 (5)
27.7 (5)

1 90 CB (OOP,
IP)

QSM, ToD,
DC QSM, WFP, 1WB-B 0, 5 to 20 Various

2023 [76] 3—NFW SMSBB SCLB 1:2:9
(C:L:S) 16.0 – – – 1.3 37.3 1 110 CB (OOP,

IP)
QSM, ToD,

Ct
QSM, WFP,

2WB-FR3E-NLC

0 (1)
6.25 (1)
12.5 (1)

5 (3)

3—NFW SMSBB SCLB 1:2:9
(C:L:S) 16.0 – – – 1.0 26.8 1 110 CB (OOP,

IP)
QSM, ToD,

Ct
QSM, WFP,

2WB-FR3E-NLC

0 (1)
6.25 (1)
12.5 (1)

5 (3)

3—NFW SMSBB SCLB 1:2:9
(C:L:S) 16.0 – – – 0.5 13.4 1 110 CB (OOP,

IP)
QSM, ToD,

Ct
QSM, WFP,

2WB-FR3E-NLC

0 (1)
6.25 (1)
12.5 (1)

5 (3)

2023 [68] 2—NFW CoB SCLB 1:6 (C:S) 3.1 (1)
4.7 (1) – – – 1.0 (1)

1.25 (1) 6.3 1 230 CB (OOP,
IP)

QSM, ToD,
Ct

QSM, ToD,
1WB-Ct 0.0 4 (2)
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Table 2. Cont.

Interaction
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URM
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Specimens

(Number—Type)
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Modeling
Approach

Masonry
Unit
Type

Mortar
Type
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Compressive
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m)
[MPa]

Opening
Type

Flange
Configuration *

Flange/Wall
Length
Ratio
(lf/l)

Height/Length
Aspect Ratio

(h/l)

Length/
Thickness

Slenderness
Ratio
(h/t)

No.
Wythes
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Thickness
(t) [mm]

Loading
Scenario

and
Sequence

IP Loading
(Procedure,
Apparatus,
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Condi-
tions)

OOP Loading
(Procedure,
Apparatus,
Boundary

Conditions)

Vertical
Overburden

Stress/Strength
(Flanges + Wall)

[%]

Pre-
Damage
Levels

2024 [69,94] 16—NFW SMSBB SCLB 1:1:6
(C:L:S) 11.5 – – – 1.0

9.9 (6)
15.5 (2)
21.1 (2)
32.2 (6)

1 100 CB (OOP,
IP)

QSM, ToD,
Ct QSM, WFP, 1WB-B 0, 2.4 to 19.1 4 (16)

6—NFW SMSBB SCLB 1:1:6
(C:L:S) 11.5 – – – 0.75 9.9 1 100 CB (OOP,

IP)
QSM, ToD,

Ct QSM, WFP, 1WB-B 0, 2.4 to 19.1 4 (6)

2—NFW SMSBB SCLB 1:1:6
(C:L:S) 11.5 – – – 1.5 9.9 1 100 CB (OOP,

IP)
QSM, ToD,

Ct QSM, WFP, 1WB-B 0 (1)
19.1 (1) 4 (2)

6—NFW SMSBB SCLB 1:1:6
(C:L:S) 11.5 – – – 2.25 9.9 1 100 CB (OOP,

IP)
QSM, ToD,

Ct QSM, WFP, 1WB-B 0, 2.4 to 19.1 4 (6)

IP/OOP 2013 [55] 5—NFW CoB SCLB 1:1:6
(C:L:S) 7.6 – – – 0.85

10 (1)
12 (1)
20 (1)
25 (1)
30 (1)

1

300 (1)
250 (1)
150 (1)
120 (1)
100 (1)

SC (IP, OOP,
IP)

QSC, ToD,
DC

QSLUC, WFP,
1WB-B 2.78 12 (5)

7—NFW CoB SCLB 1:1:6
(C:L:S) 7.6 – – –

0.34 (1)
0.4 (1)
0.5 (1)
0.67 (1)
0.85 (1)
1.0 (1)

1.34 (1)

16 1 187.5 SC (IP, OOP,
IP)

QSC, ToD,
DC

QSLUC, WFP,
1WB-B 2.78 12 (7)

2015 [60] 1—NFW SMSBB SCLB 1:2:9
(C:L:S) 10.5 – – – 1.0 10.0 1 100 CB (IP,

OOP)
QSM, ToD,

Ct QSM, WFP, 1WB-B 1.14 3 (1)

2—NFW SMSBB SCLB 1:2:9
(C:L:S) 10.5 – – – 1.0 (1)

2.0 (1)
10.0 (1)
20.0 (1) 1 100 SQ (IP,

OOP)

QSLUC,
ToD,

DC-RTU

QSM, WFP,
1WB-B-RTRU 1.14 3 (2)

1—NFW SMSBB SCLB 1:2:9
(C:L:S) 10.5 – – – 1.0 10.0 1 100 SQ (IP,

OOP)
QSC, ToD,

Ct QSM, WFP, 1WB-B 1.14 3 (1)

2—NFW SMSBB SCLB 1:2:9
(C:L:S) 10.5 – – – 1.0 (1)

2.0 (1)
10.0 (1)
20.0 (1) 1 100 SQ (IP,

OOP)
QSC, ToD,
DC-RTU

QSM, WFP,
1WB-B-RTRU 1.14 3 (2)

2023 [67] 3—NFW SMSBB SCSB 2:1:16
(C:L:S) 6.3 – (2)

W (1) – – 0.7 27.0 1 100 SQ (IP,
OOP)

QSC, ToD,
DC

QSM, WFP,
2WB-FRSE

7.8 (IP)—0.8
(OOP) 4 (3)

2—NFW SMSBB SCSB 2:1:16
(C:L:S) 6.3 – (1)

W (1) – – 0.7 27.0 1 100 CB (IP,
OOP)

QSM, ToD,
DC

QSM, WFP,
2WB-FRSE

7.8 (IP)—0.8
(OOP) 4 (2)

2024 [70] 27—NFW SMSBB SCLB 1:1:6
(C:L:S) 4.0

– (3)
W (9)
D (9)

W + D
(6)

– 0.18 1.0 27.3 1 110 CB (IP,
OOP)

QSM, ToD,
Ct

QSM, WFP,
2WB-FR3E-NLC

0 (9)
12.5 (9)
25 (9)

4 (27)

F/IP 2012 [91] 4—FW CoB
Not

Speci-
fied

Not
Speci-
fied

4.2 – ⊥

0.7 (1)
0.8 (1)
0.9 (1)
1.0 (1)

1.43 10.8 1 240 IP QSC, ToD,
DC – 0 + 14.2 –

2013 [87] 8—FW SMSBB HCB
(V) 1:3 (C:S) 6.0 – ⊥⊤

0.36 (2)
0.65 (2)
0.9 (2)
1.2 (2)

1.0 14 1 200 IP

QSM, ToD,
Ct (4)

QSM, ToD,
DC-RTU (4)

– 10 + 10 (4)
20 + 20 (4) –
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Opening
Type

Flange
Configuration *

Flange/Wall
Length
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(Flanges + Wall)

[%]
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Damage
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4—FW SMSBB HCB
(V) 1:3 (C:S) 6.0 – ⊤

0.36 (1)
0.65 (1)
0.9 (1)
1.2 (1)

1.0 14 1 200 IP QSM, ToD,
Ct – 10 + 10 –

8—FW SMSBB HCB
(V) 1:3 (C:S) 6.0 – ⊥

0.36 (2)
0.65 (2)
0.9 (2)
1.2 (2)

1.0 14 1 200 IP

QSM, ToD,
Ct (4)

QSM, ToD,
DC-RTU (4)

– 10 + 10 (4)
20 + 20 (4) –

2015 [92] 3—FW CoB HCB
(V) 1:3 (C:S) 6.0 – ⊥⊤

0.16 (1)
0.37 (1)
0.58 (1)

1.0 14 1 200 IP QSM, ToD,
Ct – 10 + 10 –

2021 [88,89] 60—FW SMSBB SCLB 1:4 (C:S) 4.3 – ⊥⊤

0.1 (12)
0.25 (12)
0.5 (12)

0.75 (12)
1.0 (12)

0.6 (12)
0.84 (12)
1.1 (12)
1.43 (12)
2.0 (12)

13.9 1 230 IP QSM, ToD,
Ct –

0 + 15 (20)
0 + 20 (20)
0 + 30 (20)

–

60—FW SMSBB SCLB 1:4 (C:S) 4.3 – ⊥⊤

0.1 (12)
0.25 (12)
0.5 (12)

0.75 (12)
1.0 (12)

0.6 (12)
0.84 (12)
1.1 (12)
1.43 (12)
2.0 (12)

13.9 1 230 IP QSM, ToD,
SCt –

0 + 15 (20)
0 + 20 (20)
0 + 30 (20)

–

60—FW SMSBB SCLB 1:4 (C:S) 4.3 – ⊥⊤

0.1 (12)
0.25 (12)
0.5 (12)

0.75 (12)
1.0 (12)

0.6 (12)
0.84 (12)
1.1 (12)
1.43 (12)
2.0 (12)

13.9 1 230 IP QSM, ToD,
DC –

0 + 15 (20)
0 + 20 (20)
0 + 30 (20)

–

60—FW SMSBB SCLB 1:4 (C:S) 4.3 – <

0.1 (12)
0.25 (12)
0.5 (12)

0.75 (12)
1.0 (12)

0.6 (12)
0.84 (12)
1.1 (12)
1.43 (12)
2.0 (12)

13.9 1 230 IP QSM, ToD,
Ct –

0 + 15 (20)
0 + 20 (20)
0 + 30 (20)

–

60—FW SMSBB SCLB 1:4 (C:S) 4.3 – <

0.1 (12)
0.25 (12)
0.5 (12)

0.75 (12)
1.0 (12)

0.6 (12)
0.84 (12)
1.1 (12)
1.43 (12)
2.0 (12)

13.9 1 230 IP QSM, ToD,
SCt –

0 + 15 (20)
0 + 20 (20)
0 + 30 (20)

–

60—FW SMSBB SCLB 1:4 (C:S) 4.3 – <

0.1 (12)
0.25 (12)
0.5 (12)

0.75 (12)
1.0 (12)

0.6 (12)
0.84 (12)
1.1 (12)
1.43 (12)
2.0 (12)

13.9 1 230 IP QSM, ToD,
DC –

0 + 15 (20)
0 + 20 (20)
0 + 30 (20)

–

2022 [90] 60—FW SMSBB SCLB 1:2:9
(C:L:S)

2.0 (24)
4.0 (12)
6.0 (12)
8.0 (12)

– ⊥⊤ 0.66

0.5 (15)
1.0 (15)
1.5 (15)
2.0 (15)

6.8 (15)
13.6 (15)
20.5 (15)
27.3 (15)

1 110 IP QSM, ToD,
DC-RTU –

0 + 1.25
to

0 + 100
–

48—FW SMSBB SCLB 1:2:9
(C:L:S)

2.0 (12)
4.0 (12)
6.0 (12)
8.0 (12)

– ⊤ 0.66

0.5 (15)
1.0 (15)
1.5 (15)
2.0 (15)

6.8 (12)
13.6 (12)
20.5 (12)
27.3 (12)

1 110 IP QSM, ToD,
DC-RTU –

0 + 1.25
to

0 + 100
–

72—FW SMSBB SCLB 1:2:9
(C:L:S)

2.0 (36)
4.0 (12)
6.0 (12)
8.0 (12)

– ⊥ 0.66

0.5 (18)
1.0 (18)
1.5 (18)
2.0 (18)

6.8 (18)
13.6 (18)
20.5 (18)
27.3 (18)

1 110 IP QSM, ToD,
DC-RTU –

0 + 1.25
to

0 + 100
–
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Table 2. Cont.
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Scenario Year Publication(s)
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48—FW SMSBB SCLB 1:2:9
(C:L:S)

2.0 (12)
4.0 (12)
6.0 (12)
8.0 (12)

– < 0.66

0.5 (12)
1.0 (12)
1.5 (12)
2.0 (12)

6.8 (12)
13.6 (12)
20.5 (12)
27.3 (12)

1 110 IP QSM, ToD,
DC-RTU –

0 + 1.25
to

0 + 100
–

2023 [76] 3—FW SMSBB SCLB 1:2:9
(C:L:S) 16.0 –

⊥⊤ (1)
< (1)
⊥ (1)

0.14 1.3 37.3 1 110 IP QSM, ToD,
Ct – 0 + 0 –

9—FW SMSBB SCLB 1:2:9
(C:L:S) 16.0 –

⊥⊤ (3)
< (3)
⊥ (3)

0.14 1.0 26.8 1 110 IP QSM, ToD,
Ct –

0 + 0 (3)
12.5 + 12.5 (3)

25 + 25 (3)
–

3—FW SMSBB SCLB 1:2:9
(C:L:S) 16.0 –

⊥⊤ (1)
< (1)
⊥ (1)

0.14 0.5 13.4 1 110 IP QSM, ToD,
Ct – 0 + 0 –

2024 [93] 16—FW CoB SCLB
Not

Speci-
fied

2.7 –

⊥⊤ (4)
⊤ (4)
< (4)
⌈ (4)

1.5 (4)
1.0 (4)
0.75 (4)
0.5 (4)

0.5 (4)
0.75 (4)
1.0 (4)
1.5 (4)

15.0 1 200 IP QSM, ToD,
DC – 3.7 + 3.7 –

16—FW CoB SCLB
Not

Speci-
fied

2.7 –

⊥⊤ (4)
⊤ (4)
< (4)
⌈ (4)

1.5 (4)
1.0 (4)
0.75 (4)
0.5 (4)

0.5 (4)
0.75 (4)
1.0 (4)
1.5 (4)

6.0 1 500 IP QSM, ToD,
DC – 3.7 + 3.7 –

16—FW CoB SCLB
Not

Speci-
fied

2.7 –

⊥⊤ (4)
⊤ (4)
< (4)
⌈ (4)

1.5 (4)
1.0 (4)
0.75 (4)
0.5 (4)

0.5 (4)
0.75 (4)
1.0 (4)
1.5 (4)

8.6 1 350 IP QSM, ToD,
DC – 1.8 + 1.8 –

16—FW CoB SCLB
Not

Speci-
fied

2.7 –

⊥⊤ (4)
⊤ (4)
< (4)
⌈ (4)

1.5 (4)
1.0 (4)
0.75 (4)
0.5 (4)

0.5 (4)
0.75 (4)
1.0 (4)
1.5 (4)

8.6 1 350 IP QSM, ToD,
DC – 3.7 + 3.7 –

16—FW CoB SCLB
Not

Speci-
fied

2.7 –

⊥⊤ (4)
⊤ (4)
< (4)
⌈ (4)

1.5 (4)
1.0 (4)
0.75 (4)
0.5 (4)

0.5 (4)
0.75 (4)
1.0 (4)
1.5 (4)

8.6 1 350 IP QSM, ToD,
DC – 7.3 + 7.3 –

2024 [70] 27—FW SMSBB SCLB 1:1:6
(C:L:S) 4.0

– (3)
W (9)
D (9)

W + D
(6)

⊥⊤ 0.18 1.0 27.3 1 110 IP QSM, ToD,
Ct –

0 + 0 (9)
12.5 + 12.5 (9)

25 + 25 (9)
–
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F/OOP 2023 [76] 3—FW SMSBB SCLB 1:2:9
(C:L:S) 16.0 –

(1)⊔
(1)

⊥ (1)
0.14 1.3 37.3 1 110 OOP – QSM, WFP,

2WB-FRTE-NLC 0 + 0 –

9—FW SMSBB SCLB 1:2:9
(C:L:S) 16.0 –

(3)⊔
(3)

⊢ (3)
0.14 1.0 26.8 1 110 OOP – QSM, WFP,

2WB-FRTE-NLC

0 + 0 (3)
6.25 + 6.25 (3)
12.5 + 12.5 (3)

–

3—FW SMSBB SCLB 1:2:9
(C:L:S) 16.0 –

(1)⊔
(1)

⊥ (1)
0.14 0.5 13.4 1 110 OOP – QSM, WFP,

2WB-FRTE-NLC 0 + 0 –

2024 [70] 27—FW SMSBB SCLB 1:1:6
(C:L:S) 4.0

– (3)
W (9)
D (9)

W + D
(6)

0.18 1.0 27.3 1 110 OOP – QSM, WFP,
2WB-FRTE-NLC

0 + 0 (9)
12.5 + 12.5 (9)

25 + 25 (9)
–

F/IP-
OOP 2013 [87] 4—FW SMSBB HCB

(V) 1:3 (C:S) 5.95 – ⊥⊤

0.36 (1)
0.65 (1)
0.9 (1)
1.2 (1)

1.0 14 1 200 SM (IP +
OOP)

QSM, ToD,
Ct

QSM, ToD,
1WB-Ct 10 + 10 4 (4)

4—FW SMSBB HCB
(V) 1:3 (C:S) 5.95 – ⊥⊤

0.36 (1)
0.65 (1)
0.9 (1)
1.2 (1)

1.0 14 1 200 SM (IP +
OOP)

QSM, ToD,
DC-RTU

QSM, ToD,
1WB-DC-RTU 20 + 20 4 (4)

2023 [76] 9—FW SMSBB SCLB 1:2:9
(C:L:S) 16.0 –

⊥⊤ (3)
< (3)
⊢ (3)

0.14 1.3 37.3 1 110 CB (OOP,
IP)

QSM, ToD,
Ct

QSM, WFP,
2WB-FRTE-NLC

0 + 0 (3)
6.25 + 6.25 (3)
12.5 + 12.5 (3)

Various

9—FW SMSBB SCLB 1:2:9
(C:L:S) 16.0 –

⊥⊤ (3)
< (3)
⊢ (3)

0.14 1.0 26.8 1 110 CB (OOP,
IP)

QSM, ToD,
Ct

QSM, WFP,
2WB-FRTE-NLC

0 + 0 (3)
6.25 + 6.25 (3)
12.5 + 12.5 (3)

Various

9—FW SMSBB SCLB 1:2:9
(C:L:S) 16.0 –

⊥⊤ (3)
< (3)
⊢ (3)

0.14 0.5 13.4 1 110 CB (OOP,
IP)

QSM, ToD,
Ct

QSM, WFP,
2WB-FRTE-NLC

0 + 0 (3)
6.25 + 6.25 (3)
12.5 + 12.5 (3)

Various

2024 [70] 27—FW SMSBB SCLB 1:1:6
(C:L:S) 4.0

– (3)
W (9)
D (9)

W + D
(6)

⊥⊤ 0.18 1.0 27.3 1 110 CB (IP,
OOP)

QSM, ToD,
Ct

QSM, WFP,
2WB-FRTE-NLC

0 + 0 (9)
12.5 + 12.5 (9)

25 + 25 (9)
4 (27)

* Assuming that in the plan view, the loading direction is from bottom to the top of the configuration.
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The limitations inherent to experimental works have led to an increasing reliance on
numerical modeling as an alternative for studying interaction effects. Numerical simula-
tions provide a cost-effective and flexible means to investigate interaction effects, enabling
extensive parametric studies that account for factors challenging to control in physical tests,
such as material variability, boundary conditions, and dynamic loading conditions. Their
capacity to replicate full-scale structures further enhances their role in advancing masonry
research and improving predictive models for seismic behavior [114]. As listed in Table 2,
the numerical studies of interaction effects in non-framed URM walls follow two modeling
methodologies, categorized based on their approach to the geometrical representation of
masonry. The first, the simplified micro-scale block-based (SMSBB) modeling approach,
represents masonry as an assembly of solid blocks, representing masonry units, connected
by zero-thickness joints, representing mortar. SMSBB models follow a discrete cracking
approach wherein the possible cracking and damaging paths of masonry are explicitly
simulated via the discontinuity between the blocks. The second methodology, called the
continuum-based (CoB) modeling approach, realizes the entire geometry of masonry as
a continuum body representing the complete mortar-unit assembly, following a smeared
cracking approach wherein the nonlinear behaviors are distributed throughout the con-
tinuum [115]. Further information regarding these modeling approaches is available in
Ref. [116].

Despite the limited number of numerical studies explicitly addressing interaction ef-
fects in non-framed URM walls, they represent the dominant methodology in the literature,
extrapolating available experimental findings to generate data across a wide range of sce-
narios. Specifically, 319, 779, and 62 specimens are studied numerically in 18 [55–70,76,94],
11 [41,70,76,82,87–93], and three [70,87,90] publications for direct IP-OOP interaction, flange,
and F/IP-OOP interaction effects, respectively. Among the 319 numerical specimens stud-
ied under direct IP-OOP interaction effects, 84% focus on OOP/IP interaction, with only
50 [55,60,68,70] dedicated to IP/OOP interaction effects. Similarly, 87% of the 779 simula-
tions addressing Flange effects focus on F/IP interaction effects, while only 42 examine
F/OOP interaction effects [70,76]. The emphasis on IP behavior is understandable, as the
IP response of individual walls forms the primary path for transferring lateral and vertical
loads to the foundation in real-world structures, necessitating a thorough understanding of
its variations under OOP/IP and F/IP interaction effects [68]. However, the lack of research
on IP/OOP and F/OOP interactions is concerning, as URM walls are significantly weaker
in the OOP direction compared to IP, and often lose OOP stability during earthquakes,
leading to the loss of both lateral and vertical IP load-bearing systems and total structural
collapse [74]. Moreover, in the case of direct interactions, IP damage leads to the loss of
strength across the entire thickness of the walls along the crack path, which severely affects
the OOP behavior. Addressing this gap is crucial for improving predictive capabilities and
seismic mitigation strategies.

4. Current Findings Regarding Interaction Effects in Non-Framed
URM Walls

This section reviews the findings of studies on direct IP-OOP interaction and Flange
effects in non-framed URM walls, focusing on identifying the key parameters influencing
these interaction mechanisms. The research on direct IP-OOP interaction effects [54–76] is
analyzed in Section 4.1, while studies on Flange effects [77–93] are reviewed in Section 4.2.
Additionally, publications addressing F/IP-OOP interaction effects [70,76,87] are explored
within Section 4.2 to assess the potential impact of flanges on wall behavior under direct
IP-OOP interaction effects. The direct IP-OOP interaction and Flange effects are generally
evaluated based on their consequence on the IP and OOP strength, stiffness, and damage
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propagation of the walls, with some studies also considering deformation capacity. Given
the limited availability of experimental data, numerical simulations are regarded in the
review as the primary source of information, providing the most comprehensive insights
into wall-level behavior. Accordingly, experimental studies, while valuable, are used
as supplementary references, particularly where numerical data on specific parameters
remain unavailable. It should be noted that, given the extensive datasets generated in
numerical studies, comprising thousands of data points to quantify interaction effects, and
the thorough visualization and interpretation of these outcomes in the cited publications,
this paper refrains from re-illustrating such data. Instead, only a written summary of the
key findings is provided. Readers are encouraged to consult the referenced sources for
further insights.

4.1. Direct Interactions: IP-OOP Interaction Effects

This section examines numerical and experimental studies on IP/OOP and OOP/IP
interaction effects in non-framed URM walls. Given the larger body of research on OOP/IP
interactions, these studies are first reviewed in Section 4.1.1. The remaining works ad-
dressing IP/OOP interactions are then analyzed in Section 4.1.2. Various IP and OOP
boundary conditions are used in the study of direct IP–OOP interactions, each leading to
complex behaviors and distinct effects on the wall response. A pictorial representation of
the boundary conditions used in different studies, along with the typical crack patterns
associated with them, is provided in Figure 3. Boundary conditions in the IP direction
are shown in Figure 3A–C, and those in the OOP direction in Figure 3D–N. This figure is
referenced throughout the section to support clearer communication of the discussions.

4.1.1. Effects of OOP Response on the IP Wall Behavior (OOP/IP Interaction Effects)

This subsection reviews eight wall tests [68,74] and 14 numerical publications
[56,57,59,61–66,68,69,76,94] on OOP/IP interactions in non-framed URM walls. The
10 wallet tests [56,117] are excluded from the discussion as they focus only on changes in
peak IP strength under simplified conditions resembling infill walls. In contrast, the wall
tests are included in the review, as they provide a more comprehensive understanding
of full-wall behavior up to collapse. However, their limited number and inconsistent
findings prevent definitive conclusions. It should be noted that while all numerical studies
investigate wall specimens, four works [56,57,63,64] rely on wallet test data for calibrating
and validating their modeling approaches.

The influence of OOP pre-load or pre-deformation on the IP response, which has
been the primary focus of existing OOP/IP interaction studies, varies from negligible
to significant depending on boundary conditions, vertical pre-compression, geometry,
material properties, and loading assumptions. The discussion first addresses the effects of
OOP pre-load. Generally, low OOP pre-load (below 40% of OOP strength) does not alter
the IP crack pattern but weakens diagonal strut formation in double-clamped walls and
reduces vertical confinement in cantilever ones, leading to slight reductions in IP strength
and stiffness. Moderate OOP pre-load (40–70% of OOP strength) causes partially cracked
joints along the wall length, reducing the effective cross-section resisting IP load [63]. High
OOP pre-load (above 70% of OOP strength) compromises overall wall stability, causing
crushing at the compressed edge or increasing torsion and OOP deformation during the IP
loading step. This often shifts the failure mechanism to a mixed IP and OOP collapse [63,66].
Both experimental and numerical studies limit OOP pre-load to values below the peak
OOP capacity [61,66], ensuring walls retain enough OOP resistance to prevent collapse
before IP loading.
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Figure 3. IP and OOP boundary conditions used to study the effects of the direct IP–OOP interaction
on the behavior of non-framed unreinforced masonry walls, based on the available data. The IP
boundary conditions include Ct (A), DC (B), and DC-RTU (C), while the OOP boundary conditions
consist of 1WB-Ct (D), 1WB-DC-RTU (E), 1WB-B (F), 1WB-B-RTU (G), 2WB (H), 2WB-FR4E-F1SE (I)
2WB-FR4E-FTE (J), 2WB-FR4E (K), 2WB-FR3E-NLC (L), 2WB-FRTE-NLC (M), and 2WB-FRSE (N).
Typical crack patterns associated with failure mode under each boundary condition are shown with
dashed blue or pink lines. The abbreviation “DoF” stands for degree of freedom. Fixed, free, and
loaded DoFs are shown with solid black, dashed red, and dotted green arrows, respectively. For the
meaning of other abbreviations, please refer to the Nomenclature section.
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For the case of OOP pre-deformation, a displacement-controlled setting is used. Hence,
the pre-deformation can go beyond the elastic range. This case has a more prominent effect
on IP strength and stiffness because the subsequent IP loading significantly reduces the
effective cross-section and concentrates stresses at one end of the wall, causing flexural
crushing under the combination of the loads, especially in cantilever walls [68]. Larger pre-
deformation can also cause pure OOP to collapse due to complete loss of OOP resistance
before the IP load-bearing capacity of the wall is utilized [62]. The influence of OOP pre-
damage and simultaneous OOP loading will be discussed in the following subsections.
The studies on OOP/IP interactions under OOP pre-damage do not show any different
behaviors compared to the counterparts under OOP pre-deformation [62]. However,
studies of IP/OOP interactions under simultaneous loading demonstrate slightly higher
sensitivity to OOP/IP interactions [59,61,65]. The details of these interaction effects, along
with the parameters influencing them, shown in Figure 4, are discussed in the following
sub-sections. For the case of OOP pre-deformation, displacement-controlled loading is
used to allow deformation beyond the elastic range, exerting a more pronounced effect
on IP strength and stiffness. The pre-deformation significantly reduces the effective cross-
section during IP loading and concentrates stresses at one end of the wall, causing flexural
crushing, notably in cantilever walls [68]. Larger pre-deformation can even result in pure
OOP collapse before the IP load-bearing capacity is mobilized [62].

The effects of pre-damage and simultaneous OOP loading are discussed in the sub-
sequent sections. Moreover, the impacts of variation in different wall properties, shown
for numerical specimens in Figure 4, on these interaction effects are investigated. In short,
studies on OOP/IP interactions under OOP pre-damage show no distinct differences from
those under OOP pre-deformation [62]. However, IP/OOP interactions under simultaneous
loading exhibit slightly greater sensitivity to OOP/IP effects [59,61,65].

Boundary Conditions

Various boundary conditions for IP and OOP loading are adopted in different OOP/IP
interaction studies, as illustrated in Figure 4A,B, respectively, to simulate the diverse
interactions observed between masonry walls and surrounding structural elements in
real-world buildings.

For IP boundary conditions, 24% of numerical simulations [63,64,68,69,76] and 50%
of wall tests [68] assume a cantilever configuration (Figure 3A), where the top of the spec-
imen is free to rotate about its OOP axis, mimicking the effects of flexible floor or roof
diaphragms. In contrast, the double-clamped boundary condition (Figure 3B), which re-
stricts this top rotation and represents rigid diaphragms, is applied in 42% of the numerical
simulations [56,57,59,61,62,65] and the remaining four wall tests [74]. Finally, 34% of the
numerical simulations [56,57,59,61] adopt a modified double-clamped setting (Figure 3C)
that additionally prevents vertical translation at the top of the walls (termed vertical uplift).

A greater range of boundary conditions is adopted in the OOP direction. All eight
wall experiments [68,74] use a one-way bending configuration, in which the OOP pre-load
is applied at the top of the wall, allowing a cantilever-type OOP motion that simulates piers
between openings in single-story buildings (Figure 3D). Only two numerical simulations
(1% of the dataset) [68] follow this approach, while another 7% [59,61] use a double-
clamped one-way bending setup with uplift restrictions at the top (Figure 3E). A majority
of numerical simulations (53%) [62,65] adopt a modified one-way bending condition,
restricting OOP displacement also at the top and imposing a beam-like motion, with OOP
load applied either at wall mid-height or dynamically at the boundaries (Figure 3F). The
remaining studies (39%) simulate two-way bending boundary conditions (Figure 3G),
representative of full exterior walls restrained by perpendicular walls at the sides and
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by the roof and base at their horizontal edges. However, the number of fixed edges
and the rotational constraints applied at the edges vary. In ref. [64], 11 specimens (4%)
assume one lateral edge to be completely unrestrained, representing exterior walls or
interior ones interrupted by large openings or architectural features (Figure 3I). Moreover,
one specimen (1%) in ref. [64] considers a free top edge, simulating exterior walls with
flexible roof diaphragms or non-load-bearing interior walls (Figure 3J). The four edges of
specimens in [56,57,63,64], comprising 31% of the dataset, are modeled with restrained
OOP displacements, but free rotations during OOP deformation (Figure 3K). Finally, nine
specimens (3% of data) in ref. [76] are supported on the four sides, with free top and
side-edge rotations, and without restrictions to lateral IP horizontal movement of the side
edges (Figure 3L).

The choice of boundary conditions plays the most critical role in governing OOP/IP
interaction effects, as different constraints dictate distinct failure mechanisms during both
IP and OOP loading. These variations, in turn, significantly alter the extent of interaction
effects. Specifically, boundary conditions that promote similar crack propagation patterns in
both IP and OOP loading phases tend to amplify interaction effects, as damage localization
and stress redistribution follow similar paths in both directions.

For instance, the numerical study in ref. [65] on a square wall with height-to-length
aspect ratio (h/l) equal to 1.0, height-to-thickness slenderness ratio (h/t) equal to 9.9,
and masonry prism compressive strength (f′m) equal to 10.0 MPa with double-clamped IP
(Figure 3B) and one-way bending beam-like OOP (Figure 3F) boundary conditions reports
only a 35% reduction in IP strength at the highest OOP pre-deformation (50% of thickness).
In contrast, the experiment in ref. [68] on a geometrically similar wall (h/l = 1.0, h/t = 6.3,
and (f′m) = 4.8 MPa), but with cantilever IP (Figure 3A) and one-way bending cantilever
OOP (Figure 3D) conditions, exhibits a significantly higher 67% drop in IP strength and an
80% reduction in stiffness at an OOP pre-deformation of just 2.6% of the thickness. This
stark difference is attributed to the choice of OOP boundary conditions. In the first case, the
beam-like OOP deformation induces horizontal cracking distributed along the mortar joints
at mid-height of the wall, which has minimal impact on the subsequent diagonal cracking
and shear resistance under double-clamped IP loading. Conversely, in the second case, the
cantilever OOP deformation localizes the cracks in the bottom mortar joint, which reopens
under a similar flexural (rocking) movement in IP loading, amplifying the interaction
effects.

Similarly, the double-clamped IP (Figure 3B) response of walls tested in ref. [74]
(h/l = 1.05, h/t = 15.9, and f′m = 9.6 MPa) shows almost no sensitivity to OOP pre-load and
pre-deformation imposed in a one-way bending cantilever OOP (Figure 3D) setting, with
only a 20% reduction in IP stiffness and no change in IP strength at an OOP pre-deformation
of 10% of the wall thickness. This is because the diagonal shear failure governing the
IP response remains unaffected by the horizontal cracks formed under cantilever OOP
loading. The differences in material properties and thickness between the three studies are
not expected to have influenced the comparison, as damage in all cases is concentrated in
mortar joints, which have similar properties in the cited studies. Furthermore, variations in
wall slenderness are assumed to have a negligible effect on cantilever OOP deformation
and its resulting damage patterns [62].



Buildings 2025, 15, 2874 18 of 54

 

Figure 4. Overview of numerical studies focusing on the effects of OOP response on the IP behavior
(OOP/IP interaction) in non-framed unreinforced masonry walls: classification of the specimens
based on IP (A) and OOP (B) boundary conditions, amount of vertical pre-compression (C), aspect
ratio (D), slenderness ratio (E), thickness (F), type of masonry (G), mortar mixture (H), compressive
strength of masonry (I), loading scenario (J), and IP (K) and OOP (L) loading procedure and apparatus.
For the meaning of abbreviations, please refer to the Nomenclature section.
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Walls subjected to OOP load simultaneous to IP loading with low OOP:IP component
proportions (as high as 4:1) at their top under a double-clamped boundary condition with
fixed uplift (Figure 3C for IP and Figure 3E for OOP) in ref. [59] develop horizontal cracks at
both the top and bottom mortar joints, rather than only a single base crack seen in cantilever
OOP pre-loading conditions. Nevertheless, these walls exhibit similar OOP/IP interaction
effects (under double-clamped fixed-uplift IP loading) when compared to experimental
specimens tested under regular cantilever OOP conditions [74]. This is again attributed to
the fact that horizontal cracks formed during OOP loading do not interact with diagonal
shear cracks developed in the subsequent IP phase, reinforcing the critical role of boundary
conditions in governing interaction effects.

A comparison between refs. [66] and [56] further illustrates how the IP double-clamped
shear failure mechanism is more affected when a two-way bending OOP pre-loading is
adopted rather than one-way bending. Two square walls (h/l = 1.0, h/t = 16.5 and 20,
and f′m = 8 MPa) with double-clamped IP (Figure 3B) boundary conditions are subjected
to different OOP pre-loading conditions, one to one-way bending beam-like pre-loading
(Figure 3F) in ref. [66] and one to two-way bending OOP pre-loading (Figure 3K) in ref. [56].
The results indicate that even high one-way bending pre-load, reaching up to 85% of the
OOP strength, causes only a 30% reduction in IP strength in the first wall. Whereas the wall
undergoing two-way bending pre-load exhibits the same degree of IP degradation already
at a pre-load level 50% of OOP strength, and shows a 50% IP strength drop at 85% pre-load.
This is attributed to the diagonal cracking induced by two-way bending, which mirrors
the crack patterns typically seen in double-clamped IP (Figure 3B) loading, exacerbating
the interaction effects. In contrast, a similar wall (h/l = 1.0, h/t = 22.7, and f′m = 8.55 MPa)
modeled in ref. [63] under two-way bending OOP pre-load but with cantilever IP boundary
conditions shows only a 4% reduction in IP strength at 50% pre-load. It should be noted
that, at a higher OOP pre-load (85% of wall strength), the formation of horizontal cracks
at the base and sides significantly impacts the IP response of the wall, resulting in a 55%
strength reduction. Nevertheless, this suggests a lower sensitivity of cantilever walls to
moderate two-way bending pre-load, as the IP rocking cracks initially do not intersect with
those formed during OOP loading.

For the 12 specimens modeled with a free edge in ref. [64], one wall with a free top
edge (Figure 3J) exhibits no difference in OOP/IP interaction effects compared to its fully
supported counterpart (Figure 3K) in ref. [63]. However, the 11 walls with free side edges
demonstrate a reduced sensitivity to OOP pre-load, showing only a 10% reduction in IP
strength at OOP pre-load as high as 85% of their total OOP strengths. Their fully supported
reference wall experiences a 40% reduction in IP strength under the same pre-load level.
This disparity is attributed to different OOP crack propagation patterns. In the three-side-
supported walls with a free right edge (under zero to moderate pre-compression), the
supported (left) side exhibits diagonal cracks extending from the corners to the mid-height,
similar to fully supported walls. Meanwhile, the unsupported (right) side only develops a
horizontal crack extending from the mid-height to the free edge, which aligns less with the
subsequent cantilever IP crack pattern, minimizing the impact on IP behavior.

Lateral confinement also plays a significant role in OOP/IP interactions. The square
wall in ref. [76] (h/l = 1.0, h/t = 26.8, and f′m = 16 MPa) subjected to two-way bending
OOP pre-loading with free lateral movement of its side edges (Figure 3K) retains only
60% of its double-clamped IP strength when exposed to an OOP pre-load at 60% of its
total OOP strength. This is 20% lower than a similar wall (h/l = 1.0, h/t = 22.7, and
f′m = 8.5 MPa) simulated in ref. [63] under identical OOP pre-load but with lateral confine-
ment (Figure 3L). Although both walls exhibit similar crack patterns under OOP loading,
the absence of lateral confinement in the first case reduces horizontal arching effects, lead-



Buildings 2025, 15, 2874 20 of 54

ing to larger OOP crack openings. This, in turn, accelerates the degradation of IP strength
despite the non-confined wall being made of stronger masonry materials.

Vertical Pre-Compression

Vertical compressive load applied at the top of the walls before IP and OOP loading is
incorporated in 65% of numerical simulations [59,61–66,69,76] and in four wall tests [74] to
replicate the behavior of load-bearing walls in single- or multi-story buildings. The remain-
ing specimens [56,57,63,64,66,68,69,76] are studied without pre-compression, representing
non-load-bearing walls. Figure 4C illustrates the distribution of vertical pre-compression
magnitudes used across different studies.

Numerical sensitivity analyses on the effects of vertical pre-compression are present in
refs. [62–64,66,69,76] wherein a broad range of pre-compression values is explored, varying
from 1% to 27% of f′m. Lower pre-compression levels, up to 5% of f′m, significantly mitigate
OOP/IP interaction effects by maintaining higher IP strength under different OOP pre-
loads. As shown in ref. [69] for a square wall (h/l = 1.0, h/t = 32.2, f′m = 11.5 MPa), this
effect arises because pre-compression limits vertical displacement at the top of the wall,
enhancing confinement through the activation of vertical arching during OOP loading
and diagonal compressive struts during IP loading. In this case, the pre-compressed wall
exhibits up to 40% lower IP strength degradation at an OOP pre-load equal to 80% of its
OOP strength compared to the non-compressed one. On the other hand, ref. [63] reports
that higher pre-compression levels can have adverse effects. For a similar wall (h/l = 1.0,
h/t = 22.7, f′m = 8.5 MPa), moderate pre-compression up to 10% of f′m leads to crushing and
a slight reduction in the effective cross-section, causing a 20% greater IP stiffness drop for
the wall at an OOP pre-load of 80% of its OOP capacity. Pre-compressions between 10%
and 18% of f′m do not further increase IP strength reduction, but alter the IP deformation
of cantilever walls from flexural to a more shear-dominant mode by restricting top-edge
rotation [66]. More extreme cases, with pre-compression between 18% and 28% of f′m, show
another increase in IP strength reduction, up to 20% higher in ref. [62], as crushing failures
occur at all OOP pre-load levels. The IP double-clamped walls exhibit lower sensitivity to
pre-compression compared to IP cantilever walls, since their boundary condition inherently
confines their IP deformation and dictates an IP shear failure, similar to what increasing
pre-compression does for cantilever walls [66].

The effects of pre-compression are more pronounced in tall walls (h/l > 1.0), regardless
of the IP boundary conditions, since they show flexural response IP that is more sensitive
to vertical load variations [62,76]. For example, the tall (h/l = 1.4) IP double-clamped
(Figure 3B) wall under moderate vertical pre-compression in ref. [76] shows 20% higher
IP strength under a two-way bending OOP pre-load (Figure 3L) of 80% of its strength
compared to when no pre-compressions are applied. Meanwhile, the response of square
and squat (h/l = 0.5) walls in the study to OOP/IP interaction effects shows no sensitivity
to the amount of vertical pre-compression.

Wall Geometry

The numerical simulations and wall tests are conducted exclusively on full-scale,
single-wythe masonry specimens without openings. As a result, this study lacks the neces-
sary information regarding the influence of multiple wythes or perforations on OOP/IP
interactions. However, a wide range of specimens with different height-to-length aspect
ratios (h/l), height-to-thickness slenderness ratios (h/t), and thicknesses are studied, as
illustrated in Figure 4D–F, respectively. Numerical studies encompass a broad spectrum of
geometries, ranging from tall slender walls (h/l > 1.0 and h/t > 20) to squat thick walls
(h/l < 1.0 and h/t < 10). In contrast, experimental campaigns primarily focus on square-like
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walls (h/l≃1.0), with the four specimens in ref. [68] exhibiting a low slenderness ratio
(h/t = 6.3) and the four specimens in ref. [74] being significantly more slender (h/t≃15.5).
Figure 4D further reveals that, while tall and square geometries are well represented in nu-
merical simulations, squat walls (h/l < 0.9) account for only 21% of the data. Additionally,
although a variety of slenderness ratios are considered, as shown in Figure 4E, they are
primarily obtained by modifying the height while changing the thickness between three
dominant categories (50–100 mm, 100–150 mm, and 200–250 mm). As a result, Figure 4F
highlights a lack of data for extremely thin (t < 50 mm) and thick (t > 250 mm) walls.
Although the lack of data, for instance, for extremely thin walls, is justified since such
extreme configurations are rarely used in construction practices.

The numerical sensitivity studies [56,62,63,66,69,76] demonstrate that the effect of
aspect ratio on OOP/IP interactions is highly dependent on the adopted IP and OOP
boundary conditions, as well as the level of vertical pre-compression. The lowest sensitivity
is observed in the IP cantilever (Figure 3A) walls of ref. [63], pre-loaded under a two-way
bending OOP configuration (Figure 3K), where different wall geometries exhibit similar
behavior across different pre-compression levels and OOP pre-load. This is attributed
to the fact that, in this setup, OOP pre-load does not significantly alter the IP failure
mechanism. Conversely, the highest sensitivity is reported in ref. [56], where double-
clamped IP (Figure 3B) and two-way bending OOP (Figure 3K) boundary conditions are
applied with zero pre-compression. The squat specimen (h/l = 0.5) exhibits minimal
sensitivity to OOP/IP interaction effects, retaining 70% of its IP strength under an OOP
pre-load equal to 80% of its OOP strength. In contrast, the tall specimen (h/l = 2.0) reaches
the same IP strength drop at a lower OOP pre-load level (55% of OOP capacity) and
maintains only 30% of its IP strength at 80% OOP pre-load. Both walls develop similar
diagonal cracks during OOP pre-loading, but the tall wall undergoes rocking deformation
in the IP phase, which, when combined with the OOP arching effect, results in increased
crushing and greater degradation of IP strength. On the contrary, the squat wall exhibits
a shear-dominated IP failure mechanism that remains largely unaffected by the vertical
stresses. These findings align with the observations of ref. [76].

In [62,66,69], a one-way bending beam-like OOP (Figure 3F) boundary condition is
adopted. Among them, ref. [66] applies double-clamped IP (Figure 3B) constraints with
OOP pre-loading, ref. [62] simulates double-clamped IP (Figure 3B) walls subjected to OOP
pre-deformation, and ref. [69] considers cantilever IP (Figure 3A) conditions with OOP
pre-load. Despite the different configurations, all three studies report comparable behavior
between squat (h/l = 0.5–0.75) and square walls (h/l = 1.0). In ref. [69], the aspect ratio has
almost no influence on the interaction, as the crack forming at the base during the cantilever
IP (Figure 3A) loading phase remains unaffected by the mid-height crack induced by the
OOP pre-load (Figure 3F). Consequently, the IP response remains the same across different
geometries. However, notable differences arise in refs. [62,66] when transitioning from
square walls to tall walls (h/l > 1.5), with OOP pre-load or pre-deformation causing up to
40% lower IP strength reductions. This trend aligns with previous findings, as the double-
clamped IP response of tall walls (Figure 3B) involves rocking deformation with horizontal
cracks forming at the top and bottom bed joints, making them less susceptible to one-way
bending OOP action (Figure 3F) than shorter walls with IP cracks developing at their
mid-heights. Notably, as vertical pre-compression increases, these differences diminish,
and all geometries converge toward similar behavior due to crushing failures occurring
across all pre-load and pre-deformation levels. However, this effect is less pronounced in
walls subjected to two-way bending OOP pre-loading [56,62,63,66,69,76], as their response
remains less sensitive to variations in pre-compression.
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The influence of slenderness ratio on OOP/IP interaction also varies depending on
the adopted boundary conditions. Specifically, its impact is minimal when walls are
subjected to one-way bending beam-like OOP pre-loading or pre-deformation combined
with double-clamped IP loading, as demonstrated in ref. [62,66]. This is because the OOP
response of one-way bending walls, along with the associated damage and crack patterns,
remains largely independent of wall thickness, provided that pre-compression is applied
concentrically or in the absence of vertical load [118]. When IP boundary conditions
are changed to cantilever, increasing the slenderness ratio results in a more pronounced
amplification of interaction effects under one-way bending OOP pre-loading in the square
walls (h/l = 1.0) simulated in ref. [69]. This is attributed to the higher second-order moments
induced by the OOP pre-load in slender walls (h/t = 32.2), which contribute to a 20% greater
reduction in IP strength at an 80% OOP pre-load level compared to thicker walls (h/t = 9.9).

On the other hand, ref. [57] reports that under two-way bending OOP pre-load and
double-clamped IP deformation, a configuration particularly sensitive to interaction effects,
thicker walls (h/l = 1.0 and h/t = 20.0) exhibit 20% higher IP strength reductions across all
pre-load levels compared to thinner walls (h/l = 1.0 and h/t = 60.0), ultimately retaining
only 50% of their IP capacity at an 80% OOP pre-load. This is explained by the lower arching
action in slender walls, which reduces compressive stresses and the likelihood of crushing
failures during both OOP and IP loading. Nevertheless, when large slenderness ratios, more
commonly observed in real-world constructions (h/t = 20–30), are considered, the variations
in interaction effects remain minor. Although additional studies for lower slenderness
ratios (h/t < 20) under double-clamped IP and two-way bending OOP boundary conditions
do not exist, it is assumed that the influence of slenderness ratio on OOP/IP interaction
can generally be disregarded in this configuration.

Materials Properties

The classification of numerical specimens based on the type of masonry units and
mortar compositions used in simulations is illustrated in Figure 4G,H, respectively. The
majority of numerical studies are conducted on walls constructed with solid clay bricks
(64%) or hollow clay blocks with vertically oriented holes (31%). A smaller subset of
12 walls (5%) in ref. [63] features hollow concrete blocks with vertical holes. Similarly,
the eight experimental walls tested in refs. [68,74] are built using solid clay bricks, which
aligns with the dominant material choice adopted in numerical models. Regarding mortar
composition, simulations primarily consider cement-based mortars, either with (72%) or
without (38%) lime binder. The compressive strength of masonry, derived from uniaxial
loading of the masonry assemblies used in numerical studies, is presented in Figure 4I.
The data indicate a predominant focus on high-strength materials in the available research,
with compressive strengths ranging between 6 and 12 MPa.

The influence of material properties, such as masonry compressive strength, on
OOP/IP interaction effects is investigated in the numerical simulations of refs. [57,64]
on square walls (h/l = 1.0) constructed with hollow clay blocks. The study in ref. [57]
applies two-way bending OOP pre-load (Figure 3K), followed by double-clamped IP load-
ing (Figure 3B), while ref. [64] considers two-way bending OOP pre-loading with a free
side edge (Figure 3I), followed by cantilever IP (Figure 3A) deformation. Although unidi-
rectional IP and OOP responses exhibit sensitivity to all material variations, only specific
properties significantly affect OOP/IP interaction, and their impact varies depending on
the IP failure mode and boundary conditions.

In cantilever IP (Figure 3A) walls ref. [64], the most influential parameters are the
tensile strengths of masonry in the vertical and horizontal directions, which govern both the
extent of damage imposed by OOP pre-load and the crack re-opening during subsequent
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flexural IP deformation. However, even substantial increases, 133% in vertical tensile
strength or 200% in horizontal tensile strength, only slightly alter OOP/IP interactions,
likely due to the inherently low sensitivity of cantilever IP walls to two-way bending OOP
pre-load (Figure 3K). Conversely, in double-clamped IP walls [57], the tensile strength and
elastic modulus of masonry in the horizontal direction are identified as the most critical
factors. Within the continuum-based modeling approach of ref. [57], these parameters
represent the tensile stiffness and strength of vertical mortar joints and masonry units, as
well as the shear stiffness and strength in horizontal joints, all of which influence diagonal
cracking in two-way bending OOP deformation and the shear failure mode of double-
clamped IP (Figure 3B) walls. Reducing the tensile strength by 50% (from 2 MPa to 1 MPa)
leads to an average 40% increase in IP strength reduction at an OOP pre-load of 80% of
capacity, likely due to crack diffusion across larger wall areas during OOP pre-loading and
IP deformation. Reducing the horizontal elastic modulus by 50% (from 16 GPa to 8 GPa)
results in a 20% reduction in OOP/IP interaction effects at the same OOP pre-load level,
attributed to increased stress concentration of cracking in mortar joints due to the larger
stiffness.

Despite expectations that compressive strength would significantly influence inter-
action effects due to its role in controlling crushing failures, both studies report low sen-
sitivity to variations in horizontal and vertical compressive strengths. This is likely due
to the parameter being tested only within a high range (4–10 MPa) and the absence of
pre-compression (0 MPa applied). Additional sensitivity analyses are not conducted for
other combinations of IP and OOP boundary conditions, such as double-clamped IP walls
(Figure 3B) under one-way bending OOP loading or cantilever IP walls under one-way
bending OOP pre-load (Figure 3D–G). However, it is reasonable to infer that OOP/IP
interaction effects would remain low in the former due to minimal interaction of IP and
OOP responses in these boundary conditions, while the latter would exhibit sensitivity to
the tensile strength of horizontal mortar joints, as cracks primarily develop in these regions.

Loading Scenario and Methodology

The classification of numerical studies based on loading scenarios, procedures, and
apparatus used to investigate OOP/IP interaction effects is illustrated in Figure 4J–L, re-
spectively. In terms of loading scenarios, all wall tests and 70% of numerical simulations
examine OOP/IP interactions under the CB loading sequence, where OOP load or defor-
mation is applied and then held constant during the subsequent IP loading phase. The
remaining numerical simulations adopt an SQ approach in 56 cases (21%) [62,65] and an
SM approach in 23 cases (9%) [59,61,65]. Regarding loading procedures, 97% of studies
apply OOP pre-load, pre-deformation, or pre-damage using quasi-static monotonic (QSM)
loading. Only one SM specimen in [59] and four in ref. [65] employ quasi-static cyclic (QSC)
and dynamic (Dyn) OOP loads, respectively. Similarly, IP loading is applied using QSM
in 98% of numerical simulations and five wall tests [68,74]. The exceptions include 3 CB
wall tests in ref. [74] and one SM specimen in ref. [59], which apply QSC IP loading, as
well as four SM specimens in [65] subjected to dynamic IP loading. A variety of loading
apparatuses are used for OOP loading. In CB studies, OOP pre-deformation is imposed as
displacements either at the top (1% of specimens [68]) or mid-height of the walls (10% of
specimens [62]). SQ studies pre-damage the specimens via mid-height OOP displacements.
SM specimens are loaded in the OOP direction using top displacements in 19 cases [59,61],
while the four dynamic SM simulations in ref. [65] assume the use of a shake table. The
IP load of all specimens is applied as top displacements, except for the four dynamic
SM simulations in ref. [65] using a shake table. The following analyze the data within
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each loading scenario to evaluate the influence of these loading assumptions on OOP/IP
interaction effects.

• OOP Pre-Load and Pre-Deformation

In the CB loading scenario, a distinction is made between OOP pre-load and pre-
deformation, with the former applied in 59% of numerical simulations and two wall
tests [74], and the latter used in 11% of numerical simulations [62,68] and the remaining
six wall tests [68,74]. The choice between these methods depends on the study objec-
tives and available testing facilities, and it can lead to different interaction effects. Pre-
deformation, imposed by applying and maintaining a specific displacement, simulates
structures that have undergone irreversible deformation from prior loading events. In this
method, the OOP displacements remain fixed during subsequent IP loading. In contrast,
OOP pre-load, applied as a fraction of the total OOP strength of the walls, allows displace-
ments to evolve during IP loading, potentially leading to nonlinear behavior or even OOP
collapse as IP damage progresses.

The experiments in ref. [74] show that the two pre-loaded walls are prone to collapse
in the OOP direction with the progression of IP damage. In contrast, the two pre-deformed
identical walls maintain stability up to IP failure, although the two pairs of walls show
similar IP stiffness and strengths. Hence, the amount of OOP pre-load is considered within
the elastic range of the OOP response of the wall (usually causing drifts as much as 10%
of the thickness), whereas large pre-deformation as much as 50% of the wall thickness
is also adopted [62]. Comparison of the walls simulated in refs. [66] and [69] further
highlights this difference. The walls have similar geometries, material properties, and
pre-compression levels (h/l = 1.5, h/t = 16.5, f′m = 11.5 MPa, 10% vertical load). While both
use double-clamped IP and one-way bending beam-like OOP boundary conditions, the
former has OOP pre-load simulating airbag load, and the latter is subjected to OOP mid-
height pre-deformation. The strength drop begins at an OOP pre-load of 80% of capacity in
the first wall, which corresponds to the same OOP pre-deformation level observed at the
first IP strength drop of the second wall. However, the first wall fails after 99% pre-loading
as it cannot maintain equilibrium due to increased OOP deformation during IP loading.
In comparison, the second wall maintains stability even with five times larger OOP pre-
deformation, and fails due to flexural crushing of the cross-section under mixed IP and
OOP loads.

The influence of IP and OOP loading procedures on CB interaction effects remains
largely unexplored, as most studies adopt QSM loading for both directions. The limited
data available in ref. [74] suggest no significant difference in the three CB wall tests that
use QSC IP loading compared to one wall in the same study that employs QSM IP loading.

• OOP Pre-Damage

Regarding the OOP/IP interaction effects under OOP pre-damage in the SQ loading
scenario, refs. [62,65] numerically investigate walls with varying aspect ratios subjected
to mid-height one-way bending beam-like OOP pre-deformation, followed by IP loading
under double-clamped top displacement. The results indicate no significant difference in
IP strength degradation compared to CB-loaded counterparts. However, a key distinction
is that in SQ loading, the OOP instability and compressive failure typically associated
with OOP pre-load or pre-deformation in CB loading do not occur. Instead, the impact of
pre-damage is primarily reflected in the reduction of the effective cross-section available to
resist IP load.

• OOP Simultaneous Load

Studies on OOP/IP interaction effects in SM loading scenarios [59,61,65] do not include
direct comparisons with reference simulations under other loading scenarios. However,
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they provide valuable insights into OOP/IP interactions during SM loading and the influ-
ence of different loading procedures, including QSC and dynamic loading.

Ref. [59] investigate numerically 18 square walls (h/l = 1.0, h/t = 10.0) subjected to
bi-directional displacement-controlled top loading with IP (Figure 3C) and OOP (Figure 3E)
double-clamped boundary conditions with fixed uplift. In 17 specimens, OOP and IP loads
are applied as QSM displacements with varying proportions from 1:4 to 50:1 (OOP:IP ratio)
to assess changes in IP and OOP responses as the total load gradually transitions from
IP to OOP. The results show that the IP shear mechanism dominates up to a 3:1 OOP:IP
ratio, while intermediate proportions (3:1 to 9:1) exhibit mixed failure modes involving
shear cracking, OOP rocking, and base torsion. Higher OOP proportions (10:1 and beyond)
lead to a transition towards OOP flexural failure. The total peak strength remains nearly
equal to the pure IP strength up to a 3:1 proportion, experiencing only a 20% reduction up
to 10:1 (corresponding to an 84◦ deviation of the applied total load from the IP direction).
The reaction force direction remains primarily IP until 3:1 and deviates by only 7.5◦ at 10:1.
Only the application of higher OOP:IP load proportions leads to a drastic transition of
the amount and direction of the total strength towards pure OOP, which is significantly
less than the IP strength in terms of magnitude. Furthermore, while the individual IP
and OOP initial stiffness components remain unchanged across loading proportions, the
total stiffness in the loading direction gradually reduces towards the pure OOP stiffness,
exhibiting a smoother transition compared to the strength drop. Regardless of the initial
loading proportion, the reaction force inclination shifts towards the IP direction as damage
progresses. The IP component of the displacement at peak load remains similar across all
proportions, but the total displacement is primarily dictated by the OOP component. The
study also includes one wall subjected to QSC loading at a 3:1 proportion, which follows
the same mixed failure mode and OOP/IP interaction patterns as its QSM counterpart,
suggesting no significant differences due to cyclic loading at this proportion.

Ref. [65] analyze one tall (h/l = 1.5) and one squat (h/l = 0.5) wall (both h/t = 16)
under two pre-compression levels (2% and 10%) subjected to 10 sets of bidirectional
tectonic ground motions (equal PGAs in both directions) scaled incrementally in a dynamic
analysis (IDA). IP motion is applied at the base only under a double-clamped configuration
(Figure 3B), while OOP accelerations are imposed at the top and bottom of the walls in a one-
way bending beam-like condition (Figure 3F). The averaged envelop force-displacement
curves (extracted from the dynamic analyses) reveal a 30% reduction in peak and residual
IP strengths compared to reference simulations under QSM loading (applied IP at the top
of the specimen and OOP at the mid-height). The tall wall also exhibits up to a 10% lower
initial IP stiffness, particularly under the higher pre-compression level. These findings
suggest that OOP/IP interaction effects may be more severe during actual seismic events
than in quasi-static analyses. However, since there is no comparison with a reference case
(under IP or OOP dynamic loading), this might relate to more severe dynamic effects in
general, not necessarily caused by OOP/IP interaction effects.

4.1.2. Effects of IP Response on the OOP Wall Behavior (IP/OOP Interaction Effects)

The four numerical publications [55,60,67,70] that investigate IP/OOP interaction
effects in non-framed URM walls are reviewed in this section. The two wallet tests in
refs. [72,73] are excluded, as these specimens do not show any OOP resistance because
of excessive IP pre-damage. Compared to OOP/IP interaction effects, significantly fewer
numerical simulations have been conducted on IP/OOP interaction effects (50 vs. 269).
Nonetheless, these studies provide valuable preliminary sensitivity analyses on the role
of geometrical and loading parameters, offering critical insights into factors governing
IP/OOP interactions. While IP pre-load, pre-deformation, or pre-damage in IP/OOP inter-



Buildings 2025, 15, 2874 26 of 54

actions can stem from various sources, existing research [55,60,67,70] has predominantly
focused on those induced by seismic actions. Only one numerical study [119] has examined
settlement-induced pre-damage effects on the seismic response of URM façades. However,
in the study, both settlement and subsequent earthquake loading are applied exclusively in
the IP direction, leaving the impact of IP-induced settlement on OOP behavior unaddressed.

Findings indicate that IP pre-damage and pre-deformation can reduce OOP strength
and stiffness by up to 67%, primarily by forming cracking paths that act as failure planes
during subsequent OOP loading. However, these effects only emerge after the walls
surpass their peak IP strength and enter the inelastic response regime during pre-loading
or pre-damaging before OOP loading. Furthermore, once a critical IP pre-damage or pre-
deformation threshold is reached, corresponding to the complete formation of IP cracks, the
interaction effects stabilize, and the walls retain residual OOP strength and stiffness [55].

The following subsections discuss the influence of different parameters on IP/OOP
interaction effects in order of importance. Figure 5 classifies the numerical studies on
IP/OOP interaction effects based on different properties. All specimens are constructed
with solid clay (90%) or calcium silicate (10% in ref. [67]) bricks and cement-based mortar
with different ratios of lime binder, and the studies under different loading scenarios do
not systematically explore the effect of material properties. Similarly, the role of vertical
pre-compression is only investigated in ref. [62], with no consistent trends observed. More-
over, all specimens are studied with surface pressure simulating airbag load used as the
OOP loading apparatus, and top displacement used for all IP loadings. These assumptions
prevent the analysis of variations in vertical load, loading apparatus, and material prop-
erties on IP/OOP interaction effects. Hence, the attention in the following subsections is
primarily given to the influence of loading methodology and geometrical properties.

Loading Scenario, Methodology, and Boundary Conditions

The distribution of loading scenarios used in numerical studies on IP/OOP in-
teractions is shown in Figure 5J. Similar to OOP/IP studies, the CB scenario is the
most common, with 30 specimens (60%) subjected to IP pre-deformation before OOP
loading [60,67,70]. Additionally, 12 walls (24%) [55] undergo SC loading, where IP and
OOP loads are alternated stepwise to simulate the progressive effects of incremental IP
damage. Finally, SQ loading is adopted in eight specimens (16%) [60,67] for pre-damaging
the walls in the IP direction before applying the OOP load.

The boundary conditions assumed for IP and OOP loading are shown in Figure 5A,B,
respectively. In CB simulations, 28 specimens experience IP cantilever (Figure 3A)
pre-deformation, coupled with one-way bending beam-like OOP boundary conditions
(Figure 3F) in one case [60] and two-way bending with no lateral confinement and free side
and top rotations (Figure 3L) in 27 cases [70]. Only two CB specimens in ref. [67] incorporate
IP double-clamped conditions (Figure 3B) with two-way bending OOP load and free side-
edge rotations (Figure 3N). In SQ simulations, IP pre-damaging is applied under cantilever
boundary conditions (Figure 3A) in one specimen [60], under double-clamped conditions
(Figure 3B) in three [67], and under double-clamped conditions with restricted top uplift in
four [60]. The OOP loading configurations for these SQ specimens vary. The one specimen
in ref. [60] is subjected to one-way bending beam-like (Figure 3F) OOP loading, the three in
ref. [67] experience two-way bending with free side-edge rotations (Figure 3N), and the last
four in ref. [60] undergo one-way bending double-clamped OOP loading with restricted
top uplift (Figure 3G). Finally, the 12 SC specimens [55] are tested with double-clamped IP
loading (Figure 3B) and one-way bending beam-like OOP (Figure 3F) conditions.
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Figure 5. Overview of numerical studies focusing on the effects of IP response on the OOP behavior
(IP/OOP interaction) in non-framed unreinforced masonry walls: classification of the specimens
based on IP (A) and OOP (B) boundary conditions, amount of vertical pre-compression (C), aspect
ratio (D), slenderness ratio (E), thickness (F), type of openings (G), mortar mixture (H), compressive
strength of masonry (I), loading scenario (J), and IP (K) and OOP (L) loading procedure and apparatus.
For the meaning of abbreviations, please refer to the Nomenclature section.

The loading procedures adopted in IP and OOP directions are shown in Figure 5K,L.
The IP pre-deformation is applied using QSM loading in all CB studies [60,67,70]. In
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contrast, the 12 SC simulations [55] and the IP pre-damaging in 6 SQ cases [60,67] employ
QSC loading. Only two SQ specimens in ref. [60] undergo quasi-static load-unload cycles
(QSLUC) of IP loading. In the OOP direction, all specimens are loaded with QSM, except
for the 12 SC walls in ref. [55], where QSLUC is used to facilitate the alternating sequence
of IP and OOP loading steps. The influence of loading scenarios, boundary conditions, and
loading procedures on IP/OOP interactions is discussed in the following.

• Loading Scenario

The comparative effects of SQ and CB loading scenarios are investigated in [60], where
two identical square walls (h/l = 1.0, h/t = 10) with cantilever IP boundary conditions
(Figure 3A) are subjected to different cantilever IP loading histories before OOP testing
in a one-way bending beam-like configuration. The SQ wall, subjected to IP pre-damage,
exhibits no reduction in OOP strength. In contrast, the CB wall, with a 0.15% IP drift
pre-deformation, experiences a 26% decrease in OOP strength, a 40% drop in OOP stiffness,
and a 192% increase in ultimate OOP deformation. This discrepancy is attributed to
residual torsion in the CB wall, which prevents both its toes from contributing equally to
OOP resistance. As a result, further torsional effects and base detachment occur during
OOP loading. Meanwhile, the SQ wall goes back to its initial state at the end of the pre-
damaging step. A similar study reported in ref. [67] examines two squat slender (h/l = 0.7,
h/t = 27) walls under double-clamped IP boundary conditions (Figure 3B) and OOP
two-way bending with free side rotations (Figure 3N), one subjected to SQ loading and the
other to CB loading. Both walls show comparable IP/OOP interaction effects up to an IP
drift of 0.14%. However, at 0.2% drift, the CB wall completely loses its OOP strength due to
excessive mixed IP and OOP deformations, whereas the SQ wall retains 40% of its OOP
capacity. The presence of openings slightly alters these behaviors, as observed in ref. [67],
where a CB and a SQ wall with window openings show similar OOP degradation to their
solid counterparts, but with only a 10% higher strength reduction at 0.14% IP drift, possibly
due to stress redistribution around the opening.

Regarding SC loading, a relatively squat wall reported in ref. [55] (h/l = 0.84,
h/t = 10) exhibits even greater performance degradation than the CB wall in ref. [60],
with a 67% reduction in OOP strength at 0.22% IP pre-damage drift. This severe loss is
likely due to cumulative damage from multiple alternating IP and OOP loading cycles.
However, the influence of IP boundary conditions must be considered, as this wall is
loaded under a double-clamped IP configuration (Figure 3B), which introduces mid-height
cracks that may reopen during its one-way bending beam-like OOP loading (Figure 3F),
amplifying IP/OOP interactions. Additionally, the use of QSC IP loading in ref. [55], as
opposed to the QSM procedure in [60], may have caused greater damage (see Section 4.1.2).

Concerning SM loading, the study conducted in ref. [59] suggests that IP deformation
concurrent with OOP loading (with a 1:50 ratio to OOP load) significantly enhances OOP
performance, increasing the total strength by 380% and peak deformation by 1700% due
to improved wall stability as a result of the IP diagonal compressive strut adding to the
vertical arching effect during OOP deformation. Further increasing the IP load propor-
tion (1:10 to 1:4) shifts the failure mode toward IP deformation, increasing total strength
by 500%.

• Boundary Conditions

As observed for the OOP/IP interaction, the extent of IP/OOP interaction effects is
strongly influenced by the adopted IP and OOP boundary conditions, particularly whether
the damage induced during IP pre-loading or pre-deformation aligns with the failure
mechanisms of the subsequent OOP loading step.
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In the CB scenario, a wall subjected to OOP loading with one-way bending beam-like
(Figure 3F) boundary conditions [60] experiences a 30% reduction in OOP strength at
a cantilever IP (Figure 3A) pre-damage level corresponding to 0.2% drift. This limited
reduction occurs because the OOP deformation mode is only marginally affected by the
base crack developed during IP loading. Even lower sensitivity is observed in a wall with
OOP two-way bending (Figure 3N) and IP cantilever (Figure 3A) conditions [70], which
shows only a 15% average strength drop at the same pre-damage level across different
pre-compression levels, as its diagonal OOP crack pattern does not align with the primary
base crack from IP loading.

More pronounced effects of boundary conditions emerge when comparing SQ spec-
imens. The one-way bending beam-like OOP (Figure 3F) response of a square SQ wall
(h/l = 1.0, h/t = 10) described in ref. [60] remains virtually unaffected, even at the highest
cantilever IP (Figure 3A) pre-damage levels (up to 0.45% drift), as the IP cracks localize at
the base but its subsequent OOP cracks concentrate at the mid-height mortar joint. How-
ever, when the same SQ wall is subjected to uplift-restricted double-clamped IP loading
(Figure 3C) and one-way bending beam-like OOP (Figure 3G) deformation, it exhibits a 56%
reduction in OOP strength and a 41% drop in deformation capacity at peak resistance for
the same IP pre-damage level. This significant decrease is attributed to the dominance of
shear deformation in the second case, where cracks propagate throughout the surface and
intersect those formed during the IP shear failure. Similarly, double-clamped IP (Figure 3B)
walls (h/l = 0.67, h/t = 27) subjected to OOP two-way bending with free side rotation
(Figure 3N) [67] show considerable sensitivity, losing nearly 50% of their OOP capacity at a
0.2% IP drift pre-damage level. However, this severe degradation may be exacerbated by
the large slenderness of these walls or the use of QSC pre-damage.

• Loading Procedure

The comparison between IP/OOP interactions under QSLUC and QSC IP double-
clamped pre-damage is presented in ref. [60], where three similar walls are simulated,
two subjected to QSLUC pre-damage where they are pushed to the target IP drift and
returned to their initial position without being loaded in the opposite direction, and one
subjected to full QSC cycles. The results show that QSLUC walls experience 35% and 24%
lower reductions in OOP strength and peak deformation, respectively, compared to their
QSC counterpart at equivalent pre-damage levels. This difference arises from the distinct
damage distributions in the two cases. In QSLUC loading, crushing is concentrated only
at two opposite corners of the wall, whereas in QSC loading, all corners undergo damage
due to the repeated reversals of the applied load. Additionally, the diagonal strut formed
in QSLUC pre-damaged walls provides a confining effect, mitigating OOP strength loss,
whereas this stabilizing influence decreases in QSC pre-damaged walls due to the more
widespread cracking and deterioration of the masonry.

Geometry

The distributions of aspect ratios (h/l), slenderness ratios (h/t), and thicknesses
of numerical specimens are shown in Figure 5D–F, respectively. Similar to OOP/IP in-
teractions studies, most IP/OOP interaction simulations focus on close-to-square walls
(0.8 < h/l ≤ 1.0), while extremely large slenderness ratios (h/t > 30) remain unrepresented,
and very thin (t < 50 mm) and thick (t > 200 mm) specimens are scarce.

The influence of geometry on IP/OOP interaction effects depends on the adopted
boundary conditions and loading scenarios. Among the SC simulations reported in ref. [55],
six walls with similar slenderness ratios (h/t = 16) and aspect ratios ranging from 0.75 to
3.0 undergo double-clamped IP (Figure 3B) pre-damage, followed by one-way bending
beam-like OOP (Figure 3F) loading. While the onset of OOP strength degradation and
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the residual capacity are similar across all walls, the rate of strength reduction is higher
in squat walls (h/l < 1.0). For instance, at 0.15% IP pre-damage drift, the tallest wall
(h/l = 0.75) retains 95% of its OOP strength, whereas the squat wall (h/l = 0.34) reaches its
residual capacity with a 62% reduction. This suggests that squat walls are more sensitive to
crushing due to the formation of diagonal compressive struts during IP loading. In the same
study, six additional walls with similar aspect ratios (h/l = 0.84) but varying slenderness
ratios (h/t = 10–30) show minimal differences in the rate and magnitude of OOP strength
reduction. The absence of vertical arching effects, attributed to low pre-compression (3% of
f′m) and unrestricted uplift at the top likely explains this behavior. Under these conditions,
residual OOP strength and the initiation of OOP degradation appear independent of
wall geometry. In contrast, ref. [60] reports one square (h/l = 1.0, h/t = 10) and one tall
(h/l = 2.0, h/t = 20) wall under fixed-uplift double-clamped IP (Figure 3C) pre-damage
and one-way bending OOP (Figure 3G) loading, where the tallest wall exhibits a 15% lower
residual OOP strength and an 80% greater stiffness reduction. This disparity is attributed
to severe crushing failures at the toes and base of the tall wall during its flexural movement
in the pre-damaging phase, as well as large OOP confinement due to the fixity of the uplift,
while the squat wall primarily develops shear cracks less affected by such phenomena.

Presence of Openings

Unlike studies on OOP/IP interaction effects, walls with openings are more frequently
represented in IP/OOP investigations, as illustrated in Figure 5G. Specifically, ref. [70] sim-
ulates nine walls with window openings, nine with door openings, and six with combined
window and door openings under CB loading, incorporating different levels of vertical
pre-compression. Two window and door sizes are examined in the first 18 walls, with
windows occupying between 8% and 21% of the wall surface and doors covering 19% to
30%. The remaining six walls feature both doors and windows, collectively accounting for
25% of the surface area. Additionally, walls with smaller windows and doors are analyzed
in both symmetric and asymmetric configurations. Another two walls with asymmetric
windows (26% of the surface area) are considered in ref. [67], one subjected to CB loading
and the other one to SQ loading.

The walls in [67] exhibit significantly lower sensitivity to IP/OOP interactions than
their counterparts without opening, maintaining 25% and 85% higher OOP strength under
similar IP pre-damage and pre-deformation, respectively. While this reduced sensitivity
may be attributed to the diminished lateral and vertical arching effects in walls with
an opening, it could also result from the low pre-compression levels applied at the top
boundary (8% of f′m in IP loading and 0.8% in OOP loading). In contrast, ref. [70] finds that
walls with openings generally exhibit similar IP/OOP interaction effects to walls without
openings, except for those featuring both window and door openings or large openings
under high pre-compression (12% of f′m). In these cases, the large openings cause stress
concentrations and excessive crushing at the corners of piers and spandrels, leading to
up to 30% greater OOP strength reduction compared to solid walls (i.e., walls without
openings). The solid walls in ref. [70] do not exhibit such sensitivity to vertical load, as
they lack these localized stress concentrations. Furthermore, in walls subjected to high
pre-compression, openings disrupt the diagonal compressive struts formed during IP pre-
deformation, further reducing OOP strength relative to their counterparts without openings.
All specimens, regardless of the presence of openings or pre-compression, experience
ultimate OOP strength drops of up to 20%, except for one wall with a combined window
and door opening, which undergoes a 40% reduction. This higher degradation occurs
because the top edges of the wall and window align at the same elevation, facilitating
cracking at the bottom and top of the pier between them during IP loading, thereby
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accelerating its OOP collapse. These findings further underscore the significance of opening
size and configuration in determining the extent of IP/OOP interaction effects.

4.2. Indirect Interactions: Flange Effects

This section reviews numerical and experimental studies investigating the influence
of flanges on the IP and OOP response of non-framed URM walls, as well as their behavior
under direct IP-OOP interactions. Given the greater availability of data, the review begins
with studies on the Flange effects on the IP response of main walls (F/IP interaction) in
Section 4.2.1. Next, research on the Flange effects on the OOP response of main walls
(F/OOP interaction) is explored in Section 4.2.2. Lastly, the findings of numerical studies
on the flange influence on the response under direct IP-OOP interaction effects (F/IP-OOP
interaction) are discussed in Section 4.2.3.

4.2.1. Flange Effects on the IP Response of Main Walls (F/IP Interaction Effects)

This section reviews the 14 experimental tests [77–79,81,83,113] and 737 numerical
simulations [70,76,87–93] investigating F/IP interaction effects. The extent of F/IP inter-
action effects ranges from negligible to highly significant, depending on factors such as
the boundary conditions, vertical pre-compression, flange configuration and size, and the
geometric characteristics of the main panel. Figure 6 visualizes how the addition of flanges
changes the IP behavior under different boundary conditions. Overall, the presence of
flanges increases IP strength and stiffness by introducing additional vertical constraints and
altering flexural failure mechanisms into shear-dominated ones, especially in cantilever
walls (Figure 6A), as well as increasing the effective cross-section of double-clamped walls
(Figure 6B). This might also introduce a detrimental effect, as the change in failure mech-
anism typically comes with a reduction in wall ductility. The impact of flanges is most
pronounced in cantilever and square-to-tall walls, where the reference non-flanged walls
exhibit flexural failure. Among different configurations, walls featuring flanges on both
sides and ends (⊥⊤ walls) demonstrate the highest increase in IP stiffness and peak shear
capacity. While longer flanges provide greater strength or stiffness increments, their influ-
ence reaches a threshold beyond which further length increases yield no additional change.
The following subsections analyze the effects of each of these parameters, illustrated for
numerical specimens in Figure 7, on F/IP interaction effects.

Boundary Conditions

The classification of numerical simulations on F/IP interaction based on IP boundary
conditions is shown in Figure 7A. The majority of studies, specifically 28% and 32%, as-
sume double-clamped conditions with free and restrained top uplift, respectively. Another
24% [70,76,87–89,92] adopt cantilever configurations, while the remaining 16% [88,89] use
a semi-cantilever setup, where the load application point (zero-moment location) is posi-
tioned at 75% of the wall height instead of 50% (double-clamped) or 100% (cantilever) [19].

The sensitivity of ⊥⊤ walls to different boundary conditions is extensively analyzed in
refs. [88,89]. In double-clamped walls, F/IP interaction effects remain limited to maximum
variations in the range of 20%, except when the pre-compression level is lowered (from
30% f′m to 15%). In such cases, the non-flange variants of tall walls (h/l = 2.0) experience
rocking, while non-flanged square (h/l = 1.0) and squat walls (h/l = 0.6) undergo toe
crushing due to flexural deformation. Flanges mitigate these effects by introducing addi-
tional axial constraints that eliminate rocking in the former and increasing the effective
cross-section to reduce crushing in the latter two. As a result, IP strength increases by up
to 50% across all aspect ratios, while stiffness increases by 11% in squat walls and 60% in
tall walls. The effect of flanges is even more pronounced in cantilever walls. Under the
lowest pre-compression (15% of f′m), tall walls exhibit up to 175% greater IP strength and
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375% higher stiffness compared to their non-flanged counterparts. Square walls also show
substantial gains, with a 150% increase in strength and a 115% rise in stiffness, whereas
squat walls display improvements similar to those observed in double-clamped cases, likely
due to their comparable failure mechanisms. Semi-cantilever walls behave similarly to
double-clamped walls, as their primary failure mode is shear. These trends are corroborated
by numerical findings in refs. [87,90,93].

Figure 6. Visualization of the F/IP interaction effects on the IP failure mechanism of non-framed
unreinforced masonry walls, based on the available data. The Ct (A) or SCt, DC, and DC-RTU
(B) boundary conditions are used. Typical crack patterns associated with failure mode under each
boundary condition are shown with dashed blue or pink lines. The abbreviation “DoF” stands for
degree of freedom. Fixed, free, and loaded DoFs are shown with solid black, dashed red, and dotted
green arrows, respectively. For the meaning of other abbreviations, please refer to the Nomenclature
section.

Experimental findings also align with numerical simulations. Double-clamped tests
in [77,79,81,83] confirm modest IP strength and stiffness increases of 20% and 6%, respec-
tively, while cantilever specimens in ref. [78] exhibit strength gains of up to 33%. The
relatively lower strength enhancement in experimental walls, despite the similar pre-
compression levels to numerical studies (5.3% in double-clamped and 20% in cantilever), is
attributed to the use of shorter flanges (10–30% of wall length) in testing.

Vertical Pre-Compression

The range of vertical load magnitudes adopted in each study, expressed as a percentage
of f′m, is shown in Figure 7B. Except for 12 instances (2%) in refs. [70,76], all studies
apply at least a minimal vertical load (1.25% of f′m) at the top of the walls. However,
while 18% distribute the pre-compression to both the flanges and the main panel, the
remaining 80% [88–91] apply it solely to the main panel. Experimental studies generally
load both components, except for six tests in refs. [77,79], where only the main panel is
pre-compressed. The influence of vertical pre-compression on F/IP interaction effects varies
significantly depending on the boundary conditions, as shown by numerical sensitivity
studies on ⊥⊤ walls in refs. [76,88–90,93].
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Figure 7. Overview of numerical studies focusing on the effects of flanges on the IP behavior (F/IP
interaction) in non-framed unreinforced masonry walls: classification of the specimens based on IP
boundary conditions (A), amount of vertical pre-compression (B), aspect ratio (C), type of openings
(D), flange configuration planar view (E), slenderness ratio (F), flange size (G), mortar mixture (H),
and compressive strength of masonry (I).

In double-clamped walls, the narrow range of low pre-compression levels (1.8–7.3%
of f′m) in ref. [93] shows no effect on F/IP interaction. However, refs. [88,89] suggest
that a moderate increase in pre-compression (15–30% of f′m) leads to a reduction in the
strengthening effects of flanges. Walls under 15% pre-compression exhibit, on average, 30%
higher IP strength and 50% greater IP stiffness gains compared to those under 30%, as they
remain more susceptible to flexural deformation, which flanges effectively constrain.

For uplift-restrained double-clamped walls, ref. [90] presents an inverse trend in F/IP
interaction across vertical load from 1.25% to 100% of f′m. While squat (h/l = 0.5) and
square ⊥⊤ walls remain largely unaffected, tall walls (h/l = 2.0) under 100% (of f′m) vertical
load exhibits a 90% IP strength increase after the addition of flanges, whereas those pre-
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compressed by 12.5% of f′m experience no enhancement. It is likely that since ref. [90]
applies pre-compression exclusively to the main panel, large vertical loads lead to excessive
crushing at the toes of the walls. The addition of flanges, covering up to 66% of the panel
length, mitigates this effect by increasing the effective cross-section and redistributing
compressive stresses, although at low pre-compressions, such improvements are absent.
However, the observed increase in IP response may not occur in the real world, as the
magnitude of the vertical load used in ref. [90] is unrealistically high and not representative
of real scenarios. It should be noted that tall flanged walls under very low vertical load
(1.25% of f′m) show a 30% lower IP strength than their non-flanged counterparts. According
to ref. [90], the flanges in this case alter the failure mode from rocking to shear sliding at
the bed joints, which exhibits lower resistance than rocking under low pre-compression.

In cantilever boundary conditions, only the sensitivity studies of refs. [76,88,89] are
available and show considerable sensitivity to vertical pre-compression in ⊥⊤ walls. The
former, conducted on square walls under moderate pre-compression levels (15–30% of
f′m) shows that less-compressed (15% of f′m) variants of all aspect ratios demonstrate al-
most 100% higher IP strength increase than higher-compressed (30% of f′m) specimens
when flanges are included. As the most affected specimens, the less-compressed tall wall
(h/l = 2.0) shows as much as 200% IP strength increase due to the presence of flanges,
because of the elimination of any rocking behaviors and lowering the susceptibility to crush-
ing. The flanged walls of ref. [76] show lower sensitivity to the considered pre-compression
levels (0–12.5% of f′m). The two walls with vertical pre-compression show a similar 40%
increase in IP strength with the inclusion of flanges, while the gain increases to 150% in
the non-compressed wall. The lower sensitivity of these specimens can be attributed to
the high slenderness of their flanges (27.3 compared to 13.9 in refs. [88,89]), which directly
influences the extent of F/IP interaction effects.

Main Panel Configuration and Geometry

The classification of numerical specimens based on the aspect ratios of the main
panel and the presence of openings is shown in Figure 7C,D, respectively. The studies
encompass a wide range of geometries, from tall (h/l = 2.0) to squat (h/l = 0.5) walls.
However, the majority of simulations are performed on solid walls (without opening),
except for 24 specimens in ref. [70] (3% of all data), which serve as the flanged counterparts
of walls described in Section 4.1.2. Experimental studies on openings are also scarcer,
with only two walls tested in ref. [83], each containing a symmetrical window, but with-
out direct comparison to variations without opening. All numerical walls and 6 of the
14 tested specimens are single-wythe, while the remaining eight tested specimens [79,83]
are double-wythe. Since these double-wythe walls exhibit similar behaviors to the single-
wythe counterparts, no further investigation of the influence of the number of wythes on
F/IP interaction effects is conducted.

The effects of aspect ratio are implicitly discussed in relation to boundary conditions
and vertical pre-compression in previous sections. A summary is reiterated here. Double-
clamped ⊥⊤ walls across all aspect ratios demonstrate similar F/IP interactions under
moderate pre-compression (15–30% of f′m) and almost no sensitivity to aspect ratio [88,89].
Only in the fixed-uplift scenario of ref. [90] do some variations appear. Square and tall
(h/l = 1.43 and 2.0), low-compressed walls (1.25% of f′m) experience a 35% reduction in
IP strength due to flanges, as their failure mode shifts from rocking to a less-resistant
bed-joint sliding. In contrast, high-compressed tall walls (50–100% of f′m) show 190%
higher increase in IP strength compared to square walls, as flanges eliminate crushing
failures by increasing the effective cross-section. In cantilever walls, F/IP interaction effects
increase considerably from squat (h/l = 0.5–0.6) to tall (h/l = 1.4–2.0) ⊥⊤ walls, irrespective
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of pre-compression levels (0–30% of f′m). However, the influence of flanges diminishes
with increasing pre-compression. For example, non-compressed squat (h/l = 0.6) and tall
(h/l = 1.4) flanged walls show 50% and 150% higher IP strength than their non-flanged
references. In contrast, their 30%-compressed counterparts exhibit only (and similar) 40%
and 60% strength increases, respectively.

The walls with opening simulated in ref. [70] are analyzed both as non-flanged and
as ⊥⊤ flanged variants with flange lengths equal to 18% of the wall length on each side.
When averaging results across different pre-compression levels, opening walls exhibit
varying reductions in F/IP interaction, with no clear trend based solely on opening size.
For instance, specimens with a combined window and door opening (24% of the wall
area) show a 46% lower IP strength increase, while a larger single symmetric door opening
(30% of the wall area) leads to only a 25% reduction in IP strength gain. Likewise, a small
symmetric window (7.7% of the wall area) results in a 35% decrease in F/IP interaction,
whereas a larger symmetric door (19% of the wall area) leads to just a 22% reduction.
However, a clearer pattern emerges regarding the configuration of openings, with the
addition of flanges to walls with the asymmetric door (19% of the wall area) or window
(7.7% of the wall area) leading to 20% higher IP strength improvement than their symmetric
counterparts. This difference may stem from the monotonic loading protocol adopted in
the study, which subjects the walls to IP forces in only one direction. It is possible that
loading in the opposite direction would yield different F/IP interactions, and cyclic loading
would lead to similar F/IP interaction effects in symmetric and asymmetric walls.

Overall, the findings suggest that the configuration of openings has a greater impact
on F/IP interaction effects than their size. Openings influence F/IP response by increasing
susceptibility to flexural deformation and localized crushing at pier corners. Both effects
depend not only on the opening size but also on its placement. For example, the small
window (7.7% of the wall area) introduces four stress concentration points, decreasing
F/IP interaction due to crushing, which is independent of the presence of flanges. In
contrast, the larger door opening (19% of the wall area) primarily amplifies rocking behavior
and introduces only two stress concentration points, resulting in less reduction of F/IP
interaction effects. Walls with larger windows and doors do not exhibit additional decreases
in F/IP interaction, as the stress concentrations remain comparable to those of smaller
openings. However, in walls with combined window and door openings (25% of the wall
area), a larger reduction in F/IP interaction is observed, particularly when the top edge of
the window aligns with the top of the door. This alignment facilitates easier rocking of the
pier between the openings, further diminishing the influence of flanges.

Flange Configuration and Geometry

The classification of numerical specimens based on different flange configurations,
flange slenderness ratios, and flange lengths is shown in Figure 7E–G, respectively. The
majority of numerical studies (41%) focus on ⊥⊤ walls, where flanges are symmetrically
attached at both ends and on both sides of the main panel. Another significant portion
(34%) considers < walls, which are asymmetric relative to the main wall panel, with flanges
positioned at both ends but only on one side. Additionally, 19% of the simulations examine
walls asymmetric with respect to the length axis of the main wall, with flanges attached at
both sides but at only one wall end. In these cases, simulated under unidirectional IP load,
the flanges are either positioned at the end in compression (10%), forming a ⊤ configuration
under upward loading, or at the end in tension (12%), creating a ⊥ configuration. Lastly, ⌈
walls, which exhibit asymmetry in both planar axes, are also investigated (3%), with one
flange positioned at the compressed end on one side of the wall. Flange sizes range from
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20% to 100% of the main wall length per side. Finally, the majority of studies focus on thick
flanges (h/t < 15), with slender configurations explored in only 20% of the simulations.

The influence of flange configuration has been explored in studies across various
wall geometries and pre-compression levels [70,76,88–90,93], with all studies agreeing
that ⊥⊤ walls exhibit the highest F/IP interaction effects. These configurations increase IP
strength by 50% in double-clamped walls [88,89] and by as much as 220% in cantilever
walls [70], as they effectively eliminate rocking at the tensile end of the walls and mitigate
crushing at compressed ends. The < configuration is the second most effective, improving
IP response by 20% [88,89] to 100% [76]. However, its asymmetric nature introduces
torsional effects [79,90], which in some cases can reduce IP strength compared to non-
flanged walls [81]. These torsional effects arise due to the application of IP load at the
top of the main panel rather than at the geometric center of the flanged wall cross-section,
reproducing the actual load application in real-world flanged walls. Among the ⊤ and ⊥
configurations, numerical studies [90,120] and experiments [79] show ⊥ to be more effective.
This is because the ⊤ configuration primarily reduces the crushing of the compressed toe
of the wall. The ⊥ configuration, on the other hand, prevents rocking, which is the primary
failure mechanism in non-flanged walls, and, in return, also delays crushing as effectively
as the ⊤ configuration. In most cases, ⊥ performs similarly to < [93] or slightly less
effectively [90]. Finally, the ⌈ configuration is found to have almost no impact, showing
behavior similar to non-flanged walls [93].

Regarding the effectiveness of different flange sizes, studies [87–89,91,92] confirm that
larger flanges generally provide greater improvements in IP strength and stiffness. How-
ever, depending on boundary conditions, a threshold exists beyond which further increases
in flange length yield minimal additional benefits. Under double-clamped conditions, ⊥⊤
and < walls demonstrate most of their improvement due to F/IP interaction effects with
flange lengths reaching 30% of the main wall length [88,89]. The longer-flange variations
(60–100% of wall length), as well as the specimens analyzed in ref. [87] with flange lengths
from 36% to 120%, show negligible additional improvements. The only exception is the ⊥
configuration, which remains sensitive to flange length, showing significant improvements
in IP strength and failure mechanisms at lengths as high as 70% of the main wall length [91].
In cantilever walls, the threshold extends to higher flange lengths, with F/IP interaction
benefits continuing up to 100% of the main wall length [87–89,92]. Although flanges as
small as 10% of wall length can already shift failure mechanisms from rocking to shear
and double the IP strength [88,89], longer flanges (90% of wall length) further increase
strength by an additional 100% relative to non-flanged walls, beyond which F/IP inter-
actions stabilize. Once again, ref. [87] finds that ⊥ configurations exhibit an even higher
threshold, requiring a flange length of up to 90% of the main wall length before altering
failure mechanisms from flexure to shear.

The slenderness ratio of flanges also affects their OOP strength, influencing the extent
of F/IP interaction effects. Double-clamped walls exhibit low sensitivity to such varia-
tions [90,93]. However, in cantilever walls, greater sensitivity is observed when comparing
results from refs. [88,89] and [76] on square and tall (h/l = 1.4) walls with similar flange
lengths (lf/l = 10%) and vertical pre-compression (15% of f′m). The former study considers
thick flanges (h/t = 13.9), while the latter models slender flanges (h/t = 27.3). Consequently,
in refs. [88,89], the addition of thick flanges improves IP strength by 85% in square walls
and 116% in tall walls, whereas in ref. [76], the flanges increase IP strength by only 47%
and 83%, respectively.
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4.2.2. Flange Effects on the OOP Response of Main Walls (F/OOP Interaction Effects)

This section reviews experimental and numerical studies investigating F/OOP in-
teraction effects. The F/OOP interaction effects have received significantly less attention
in research compared to F/IP interaction effects. Although 30 experimental tests exist,
28 of them [80,82] focus on dry-joint specimens subjected to QSM base rotation, where the
flanges remain unrestrained and are free to rock during the flexural OOP deformation of
the main panel (similar to the example in Figure 8A). These tests primarily investigate the
effectiveness of various flange and geometric configurations in altering the OOP collapse
mechanism and enhancing the OOP resistance of the main panel. Only two experiments,
conducted in refs. [84–86], explore F/OOP interactions in regular masonry under dynamic
shake table loading, simulating one-way bending cantilever motion. However, these
tests do not provide data on the strength degradation or damage patterns of the speci-
mens, limiting their contribution to understanding F/OOP effects. On the numerical side,
42 simulations [70,76] examine two-way bending walls with free lateral confinement and
unrestricted top-edge rotation, wherein the OOP movement of the flanges is constrained
and the panels are subjected to QSM OOP surface pressure mimicking airbags. In these
cases, the flanges, while acting as boundary elements for the main panel rather than directly
resisting the OOP load, provide horizontal confinement that enhances arching effects and
increases OOP strength and stiffness. They also restrain the rotation of lateral edges of the
main panel before their cracking, leading to more complex two-way bending failure mecha-
nisms (as illustrated in Figure 8B). Although the number of studies is limited, they provide
valuable insights into the influence of flange configuration, wall geometry, openings, and
vertical pre-compression on F/OOP interactions. The following subsections discuss the
impact of different wall properties on F/OOP interaction effects, with Figure 9 presenting
the classification of both experimental and numerical specimens based on these parameters.

Figure 8. Visualization of the F/OOP interaction effects on the OOP failure mechanism of non-
framed unreinforced masonry walls, based on the available data. The 1WB-Ct (A) or 2WB-FRTE-NLC
(B) boundary conditions are used. Typical crack patterns associated with failure mode under each
boundary condition are shown with dashed blue or pink lines. The abbreviation “DoF” stands for
degree of freedom. Fixed, free, and loaded DoFs are shown with solid black, dashed red, and dotted
green arrows, respectively. For the meaning of other abbreviations, please refer to the Nomenclature
section.

Flange Configuration and Geometry

The distribution of flange configurations and flange-to-wall length ratios used in differ-
ent numerical and experimental studies is shown in Figure 9F,G. The effects of flange length
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on F/OOP interactions cannot be explicitly analyzed, as all numerical studies incorporate
relatively short flanges (up to 18% of the wall length), and the experimental specimens with
similar flange sizes vary significantly in geometry and aspect ratio, preventing direct com-
parisons. However, valuable insights can be derived regarding the influence of different
flange configurations on OOP behavior.

Under one-way bending conditions, the 28 experiments in refs. [80,82] explore a di-
verse range of flange configurations. Among these, 10 specimens feature an

⊔
arrangement,

where the main panel is positioned at the tensile end under upward loading, while 6 adopt
a ⊓ configuration with the panel at the compression end. Additionally, six specimens use
the ⊤ setup, three employ the ⌈ layout, and another three investigate a configuration,
which resembles ⊓ but incorporates an extra flange at the mid-length of the main panel.
In terms of OOP resistance, the ⌈ walls demonstrate the weakest performance across all
tested geometries, as their flanges fail to provide sufficient lateral restraint to the main
panel. The ⊤ configuration shows notable improvements, particularly for squat (h/l = 0.63)
and square walls, for which the OOP strength increases by 100% and 50%, respectively,
compared to ⌈ walls. This increase arises because the central flange effectively divides
the main panel into two smaller sub-panels, increasing their effective aspect ratio and
providing additional OOP support. The ⊓ walls exhibit even greater improvements, with
OOP strength increasing by an additional 40% on average compared to ⊤ walls, as the
flange constraints alter the failure mode from one-way to two-way bending. Positioning the
flanges on the tensile side of ⊓ walls appears less effective than those on the compressive
side of

⊔
walls. Notably, squat (h/l = 0.6) and square

⊔
walls achieve similar or, in some

cases, even 20% higher OOP resistance than their ⊓ counterparts, despite having half the
flange length. The introduction of a third flange in the walls further increases OOP
resistance, with the solid wall (total h/l = 0.53) demonstrating 37% greater strength than
the squat

⊔
wall (h/l = 0.6). However, this improvement is partially attributed to the

configuration utilizing double the flange length compared to the
⊔

wall (lf/l of 0.7 vs. 0.3).
Under two-way bending boundary conditions, ref. [76] investigates ,

⊔
, and ⊢

walls under upward loading. The configuration demonstrates the highest F/OOP in-
teraction effects, increasing OOP strength by an average of 63% across zero to moderate
pre-compression levels (0–12.5% of f′m). The

⊔
walls show slightly lower strength improve-

ments, averaging a 40% OOP strength increase. In contrast, the ⊢ configuration provides no
significant enhancement in OOP resistance, as the single flange fails to adequately restrain
the main panel and instead induces torsional effects, reducing its effectiveness.

Vertical Pre-Compression

The distribution of vertical pre-compression levels adopted in the numerical and
experimental studies is shown in Figure 9B. Experimental works are primarily conducted
with no pre-compression, preventing the study of the sensitivity of cantilever specimens to
the variations of vertical load. On the other hand, the influence of vertical pre-compression
on F/OOP interaction effects in two-way bending walls is examined in numerical stud-
ies [70,76], where specimens with [70] and without [76] openings are subjected to
varying levels of pre-compression, ranging from zero to moderate values (up to 25% of f′m).
Both studies consistently demonstrate that increasing vertical load significantly reduces
the enhancement in OOP capacity provided by flanges. For instance, in ref. [76], flanged
solid walls under zero pre-compression exhibit up to 130% higher OOP strength than
their non-flanged counterparts, whereas walls subjected to 12.5% pre-compression show
only a 20% improvement. A similar trend is observed in ref. [70], where flanged walls
with various opening configurations display an average 173% increase in OOP strength
under zero pre-compression, which drops to just 33% under 25% pre-compression. Similar
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trends are also noted for
⊔

and ⊢ walls in ref. [76]. Although the complete deformation
patterns of the specimens are not fully detailed in the publications, it is inferred that ver-
tical pre-compression plays a more dominant role in enhancing OOP strength than the
presence of flanges. In other words, even the lowest pre-compression levels considered in
refs. [70,76] (6.25% of f′m) appear to induce substantial vertical confinement effects, making
the additional contribution of flanges secondary.

 

Figure 9. Overview of experimental and numerical studies focusing on the effects of flanges on the
OOP behavior (F/OOP interaction) in non-framed unreinforced masonry walls: classification of the
specimens based on OOP loading assumptions (A), amount of vertical pre-compression (B), aspect
ratio (C), slenderness ratio (D), type of openings (E), flange configuration planar view (F) and size
(G), mortar mixture (H), and compressive strength of masonry (I). For the meaning of abbreviations,
please refer to the Nomenclature section.

Main Panel Geometry

The distribution of aspect ratios, slenderness ratios, and opening configurations
adopted in numerical and experimental studies is shown in Figure 9C–E, respectively.
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In the experiments reported in refs. [80,82], various aspect ratios (h/l) are considered for
cantilever walls, ranging from 0.5 in squat walls to 1.25 in tall walls in [80], and from
0.3 to 1.0 in ref. [82]. Both studies consistently demonstrate that in higher aspect ratios,
the increase of OOP strength due to F/OOP interaction is higher across different flange
configurations compared to lower aspect ratios. For example, the semi-square ⊓ wall
(h/l = 0.9, lf/l = 0.8) in ref. [80] exhibits a 135% greater increase in OOP strength compared
to a similarly sized squat wall (h/l = 0.53, lf/l = 0.7). As expected, this is attributed to the
larger length of the squat wall, which limits the ability of the flanges to constrain the main
panel and provide horizontal confinement. As a result, the main panel freely overturns
during OOP deformation without activating the two-way bending mechanism.

Numerical simulations in ref. [76] reveal a similar trend for two-way bending walls,
albeit with two key differences compared to one-way bending cases. First, the distinction
between square (h/l = 1.0) and squat (h/l = 0.5) walls is less pronounced, with square
walls showing only a 60% greater OOP strength increase compared to squat walls when

flanges are added. This reduced difference is likely due to the smaller flange size in
the simulations compared to the experimental tests (14% vs. 70% of wall length). Second,
while in one-way bending walls, higher aspect ratios continue to show bigger OOP strength
increases, in two-way bending walls, the benefits of increasing aspect ratio plateau at square
walls. Specifically, tall walls with h/l = 1.4 across various flange configurations show no
additional OOP strength enhancement compared to square walls, likely because lateral IP
motion of the side edges is allowed in the specimens of ref. [76]. Another reason for the
higher effectiveness of flanges in one-way bending OOP responses could be their ability to
alter the OOP collapse mechanism of these walls. In other words, the addition of flanges to
1WB walls, especially tall ones, significantly increases the OOP strength through changing
the OOP deformation pattern to 2WB. Whereas the walls already with 2WB boundary
conditions do not experience such a change, and hence, undergo lower changes after the
addition of flanges compared to 1WB walls.

Regarding the effects of openings, the work reported in ref. [70] analyzes the same
flanged walls introduced in Section 4.2.1 When the flanged walls are loaded in their OOP
direction, it is found that opening size and configuration have no significant impact on
F/OOP interactions, as the walls with opening exhibit nearly identical OOP strength
improvements to solid walls after the addition of flanges.

4.2.3. Flange Influence on Response Under Direct IP-OOP Interaction Effects
(F/IP-OOP Interaction)

The numerical studies [70,76,87] are reviewed in this section, as they examine the
influence of flanges on direct IP-OOP interaction effects in non-framed URM walls. These
studies apply the same loading scenarios used for investigating direct IP-OOP interactions
to flanged walls and compare the results with their corresponding non-flanged counterparts.
Specifically, ref. [76] analyzes the impact of flanges on the IP response when subjected
to OOP pre-load, while ref. [70] evaluates the OOP response under IP pre-deformation
(both using the CB loading scenario). Additionally, ref. [87] investigates the bidirectional
behavior of flanged walls under simultaneous IP and OOP loading (SM loading scenario).
All these studies are conducted via the application of QSM load in IP and OOP directions.

The CB simulations in ref. [76] show that the influence of flanges on the IP response of
cantilever walls under varying levels of two-way bending OOP pre-load depends on flange
configuration, wall geometry, and pre-compression level. For square walls, flanged and
non-flanged specimens exhibit similar OOP/IP interaction effects, except when subjected
to the highest pre-compression level (12.5% of f′m), where flanged walls show a marginal
(10%) larger reduction in IP strength at an OOP pre-load of 80% of capacity. In squat
walls (h/l = 0.5), the ⊥ configuration has minimal impact, whereas ⊥⊤ and < walls exhibit
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significantly worse performance, with an average 30% higher decrease in IP strength at the
80% pre-load level compared to non-flanged walls. This is attributed to the flanges shifting
the IP failure mechanism from rocking to diagonal cracking, which is more sensitive to the
two-way bending OOP pre-load. The ⊥ configuration remains unaffected due to the small
flange size (lf/l = 0.14), which does not induce a failure mode shift. As pre-compression
increases, the disparity between flanged and non-flanged walls diminishes, yet the <
wall still shows a 20% reduction in IP strength at maximum pre-compression. Tall walls
(h/l = 1.3) exhibit the highest sensitivity to flange presence. Without pre-compression,
at an 80% OOP pre-load level, the < wall performs similarly to non-flanged specimens,
while the ⊥⊤ wall shows a 20% higher IP strength, and the ⊥ wall demonstrates 50% more
strength. While all flanged tall walls develop diagonal cracking rather than rocking, the ⊥⊤
and < configurations experience more extensive cracking at wall-flange intersections, hence
leading to less improvement of the IP strength compared to the ⊥ wall. However, under
the highest pre-compression (12.5% of f′m), the enhancement in the ⊥ wall disappears, and
all flanged walls revert to the performance levels of non-flanged walls due to increased
vertical confinement limiting cracking during OOP pre-loading.

Under CB loading, the two-way bending OOP behavior of ⊥⊤ walls with and without
opening in ref. [70], previously introduced in Section 4.2.1 does not exhibit a consistent trend
of variation compared to their non-flanged counterparts in terms of sensitivity to cantilever
IP pre-deformation. In several cases, such as the solid wall, walls with a symmetric or
asymmetric small window (7.7% of wall area), the wall with an asymmetric small door
(19% of wall area), and one of the walls with combined window and door openings (25% of
wall area), no discernible difference is observed between flanged and non-flanged variants.
However, walls with a large symmetric window (21% of wall area) or a large door (30%
of wall area) show a 30% lower reduction in OOP strength at the highest IP pre-damage
levels (corresponding to 0.25% IP drift) compared to their non-flanged counterparts, though
this behavior is only observed under the largest (25% of f′m) and zero pre-compression
conditions. At other pre-compression levels, no significant influence of flanges is detected.
Conversely, the flanged variant of the wall with a combined window and door opening,
where the top edge of the window aligns with the top of the door, experiences slightly higher
ultimate OOP strength reduction across all pre-compression levels. A direct explanation
for these variations is not provided in ref. [70], but it is noted that the presence of flanges
introduces additional cracking paths at the wall-flange intersections, absent in non-flanged
specimens. In cases where OOP strength reduction is mitigated, it is likely that the lateral
confinement provided by flanges enhances the OOP stability of the main panels. In contrast,
for the wall exhibiting greater OOP strength degradation, this lateral confinement may
have intensified damage concentration at the pier between the openings, leading to a more
rapid loss of strength.

Similar to the SM loading study of ref. [59] on non-flanged walls, ref. [87] investigates
square ⊥⊤ walls subjected to concurrent OOP and IP load, with varying OOP:IP intensity
ratios ranging from exclusive IP loading to 2:1. The load is applied as imposed top dis-
placements, and different flange sizes, ranging from 36% to 120% of the wall length, are
examined under both double-clamped uplift-restrained and cantilever boundary condi-
tions. Overall, the findings align with those of ref. [59]. In double-clamped walls, the
SM loading does not alter strength or failure mechanisms, indicating that the IP response
dominates the behavior. For cantilever walls, only a modest 20% reduction in strength is
observed at the highest OOP:IP ratio (2:1) compared to the IP-loaded counterparts. This
suggests that even under simultaneous bi-directional loading, the IP response primarily
governs the overall structural behavior.
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5. Available Extrapolations of Wall-Level Findings to the
Building-Level Response

The studies reviewed in Section 4 demonstrate the importance of direct IP-OOP in-
teraction and Flange effects on the response of non-flanged URM walls and provide key
insights for the development of accurate methodologies for the seismic assessment of
entire buildings. Nonetheless, current guidelines provide little to no recommendations
on how to incorporate them into structural design and assessment. Specifically, existing
standards [42–46] only include provisions to consider the presence of flanges when eval-
uating the IP wall response to lateral loads, leaving a substantial gap in addressing the
broader interaction effects.

By analyzing the response of individual walls, researchers have attempted to ex-
trapolate findings to predict the seismic behavior of entire buildings. Figure 10 presents
the number of publications proposing methodologies to integrate direct IP-OOP inter-
action and Flange effects in building-level studies. Regarding direct IP-OOP interaction
effects, nine regression-based formulations derived from numerical data are introduced in
10 publications [56–59,63,64,66,69,76,120], and three mechanics-based approaches appear in
4 papers [61,62,65,68]. Additionally, three macro-element models are proposed for building-
level simulations that partially account for direct IP-OOP interaction effects [26,121,122]. For
Flange effects, one regression-based equation [89], two mechanics-based equations [81,123],
and one macro-element model [41] are developed. Furthermore, one regression-based
equation [76] and one hybrid macro-element modeling approach [76] are introduced to cap-
ture the influence of Flange effects on the response under direct IP-OOP interaction effects.
This section provides an overview of these developments and their potential application in
improving seismic design and assessment methodologies.

 

Figure 10. Overview of analytical developments for the assessment and simulation of non-framed
unreinforced masonry buildings under the effects of different interactions between IP and OOP
behaviors and Flange effects. For the meaning of abbreviations, please refer to the Nomenclature section.

5.1. Regression-Based Design and Assessment Formula

The research on OOP/IP interaction effects in non-flanged URM walls has led to the
development of six regression-based formulations [56,57,63,64,66,69,76] for predicting the
impact of OOP pre-load on IP strength, inspired by the 3/2-power curve introduced in [124],
which is the only formulation incorporated in standards [125] to consider the effects of
OOP/IP interaction in the response of framed URM walls. Although originally proposed
for infill walls, the 3/2-power curve has aided the development of similar interaction
curves for non-framed URM walls via the results of numerical simulations under the CB
loading scenario. Najafgholipour et al. [56,57] formulate an interaction curve for double-
clamped IP walls subjected to constant two-way bending OOP load, incorporating the
influence of the variations in material properties and aspect ratio. Noor-E-Khuda and
Dhanasekar [76] develop similar curves with a focus on different two-way bending OOP
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boundary conditions. Specifically, the curves are produced for walls with four supported
sides [63] and three supported sides with a lateral edge free for OOP movement [64],
accounting for aspect ratio and pre-compression. Kesavan and Menon [66] introduce a
curve for one-way bending beam-like OOP pre-loading on double-clamped IP walls, while
Zeng and Li [69] extend the approach to cantilever IP walls, factoring in slenderness ratio,
aspect ratio, and pre-compression. Patel and Dubey [76] apply their model to cantilever IP
walls under two-way bending OOP pre-load.

Beyond interaction curves, two mechanics-based methodologies [62,65,68] offer pre-
dictions for IP strength under OOP/IP interaction effects. Kollerathu and Menon [62,65]
modify the equations established in ref. [126] for IP double-clamped strength by introduc-
ing reductions in the peak resistance based on pre-applied or concurrent one-way bending
beam-like OOP deformation. Their methodology distinguishes between CB loading, where
OOP pre-deformation reduces the effective cross-section, and SM loading, where the reduc-
tion in IP strength can also occur due to localized crushing of one side of the cross-section
of the wall because of excessive OOP deformation. Krishnachandran and Menon [68]
extend a similar approach to IP cantilever walls under one-way bending cantilever OOP
pre-deformation.

Additional regression-based interaction curves are introduced in three
studies [58,59,120] for other direct IP-OOP interaction scenarios with different loading
assumptions. Dolatshahi et al. [59] propose power curves for estimating resistance at
yield, peak strength, and ultimate states under SM double-clamped IP and cantilever OOP
deformation with different OOP:IP loading ratios. Bakhshi et al. [58] and Khanmohammadi
and Behnam [120] present interaction curves for peak IP and OOP strengths under various
loading conditions, though the data used for the development of their functions are not
available. Furthermore, Dolatshahi et al. [61] develop a mechanics-based limit state analysis
to determine failure location, type, and overall strength in walls under IP double-clamped
and OOP one-way bending beam-like SM loading. Their approach identifies potential
failure mechanisms by evaluating mechanical stress distributions and selecting the mode
that activates at the lowest load.

For Flange effects, analytical works primarily address F/IP interactions. Yi et al. [123]
propose mechanics-based equations for predicting the IP strength and stiffness of ⌊ walls,
considering flange length and thickness, and assuming that the failure of walls starts
with rocking, followed by toe crushing or shear sliding. Khanmohammadi et al. [81]
refine these equations to distinguish between bed joint sliding and diagonal tension failure
modes, as well as to incorporate ⊥⊤ and < flange configurations. Alamdari et al. [88,89]
introduce regression-based correction factors for ASCE 41 [125] equations, enabling the
inclusion of Flange effects in the axial load contributing to the resistance for ⊥⊤ and < walls.
The only study extending F/IP-OOP interaction effects belongs to Patel and Dubey [76],
who propose regression-based interaction curves for non-flanged and flanged walls with
different configurations, aspect ratios, and pre-compression levels.

5.2. Macro-Element Numerical Models Capable of Simulating IP-OOP Interaction Effects
in Buildings

Many well-developed numerical models capable of simulating direct IP-OOP inter-
actions and Flange effects exist in the literature. One of the earliest and most influen-
tial models is the block-based model proposed by Lourenço et al. [127,128], which has
served as the foundation for numerous subsequent developments, such as those, for
example, utilizing micro-scale finite element [66,105,129–135], discrete element [82,136–
140], applied element [141], and hybrid methodologies [142], as well as meso-scale block-
based models [25,143–145]. While these models and other similar methodologies offer
high-fidelity simulation of direct IP-OOP interaction and Flange effects, along with cap-
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turing various local and global failure mechanisms, their high computational cost lim-
its their efficiency for wall-level and larger-scale studies. Similar limitations apply to
plasticity-based [55,146–150] and crack-based [150] continuum models, which can accu-
rately capture IP and OOP responses but require robust calibration as well as remain
computationally expensive for extensive structural analysis.

To address these challenges, five studies [26,41,76,121,122] have proposed more effi-
cient macro-scale numerical modeling approaches, designed to be trained using wall-level
studies and applied to building-level analyses while partially accounting for direct IP-OOP
interactions or Flange effects. Vanin et al. [26] introduce a macro-element equivalent frame
modeling methodology in which walls and piers are represented each as two beam-column
elements interconnected at their end nodes. This model allows for the analysis of walls both
as individual components and as integral parts of larger structures. The flexural and shear
deformations of each wall are incorporated through mechanics-based formulations, with
flexural behavior accounted for in both IP and OOP directions, and shear response and
failure considered only in the IP direction. The coupling of IP and OOP flexural responses,
along with their resultant crushing failure, is modeled using fiber-based or pre-integrated
cross-sections assigned to the end and middle nodes between the beam-columns. The
interconnection of building walls and floors is achieved through zero-length rigid or de-
formable springs, the latter implicitly incorporating Flange effects and capturing failure
mechanisms at wall corners and wall-to-roof junctions. Salvatori et al. [122] propose a
similar approach with the addition of accounting for shear response in both IP and OOP
directions. However, the one-way bending OOP is not accounted for in ref. [122], as each
pier or wall is simulated via a single beam-column element without a middle node to allow
the simulation of mid-height cracks.

Kesavan and Menon [121] extend the methodology of ref. [26] by introducing
regression-based OOP/IP interaction, derived from detailed numerical studies, for the
model to include the impact of one-way bending beam-like OOP deformation on double-
clamped IP stiffness and elastic behavior. Cattari et al. [41] refine the mechanics-based
stiffness formulation for the zero-length wall-to-wall links to incorporate the influence of
different connection qualities at wall intersections on the Flange effects. Lastly, Patel and
Dubey [76] develop a simplified mass-and-spring building model, where each wall is rep-
resented by a spring characterized by mechanics-based IP and OOP stiffnesses. This model
estimates the IP resistance of each wall within the building based on its OOP demands,
while intersecting walls are accounted for, and the regression-based OOP/IP interaction
curves developed in the study. It should be noted that, due to the specific geometric
configuration (i.e., beam-column elements aligned with the centerline of the walls or piers),
the methodologies presented here are generally suited for reproducing one-way bending
OOP responses and are not applicable to components with two-way bending deformation.

6. Current Knowledge Gaps in the Study of Interaction Effects in
Non-Framed URM Walls

The seismic response of non-framed URM walls subjected to combined IP and OOP
actions presents a complex challenge that remains insufficiently addressed in current re-
search and practice. Although recent earthquake events have highlighted the vulnerability
of such structures, the existing literature lacks a cohesive understanding of the influence
of IP-OOP interactions and Flange effects on both wall- and building-level behavior. This
knowledge gap hinders the development of reliable design methodologies and predictive
tools. Advancing the state of the art in this domain necessitates a multidisciplinary ap-
proach that integrates structural mechanics, material science, and computational modeling.
A more systematic investigation of interaction effects, grounded in targeted experimental
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programs and supported by refined numerical simulations, will be essential to translate
wall-scale observations into building-scale applications. The following sections discuss
the primary knowledge gaps found by the current review and outline research directions
aimed at supporting safer and more resilient masonry construction.

6.1. Scientific Gaps in Understanding the Interaction Effects

The current body of research on IP-OOP interaction effects in non-framed URM
walls reveals a notable imbalance in the depth of investigation across different interaction
scenarios. The majority of existing studies focus on the influence of OOP pre-damage
or deformation on IP behavior, while the reverse scenarios (IP-induced impacts on OOP
response) remain significantly underexplored. This gap is particularly critical considering
the intrinsic vulnerability of URM walls in the OOP direction and the potential for IP
damage to induce failure planes that compromise OOP stability. The limited number of
studies addressing IP/OOP interactions under realistic seismic conditions or settlement-
induced damage constrains the development of predictive models and design strategies
with comprehensive applicability. Furthermore, the role of flanges in influencing both IP
and OOP responses remains insufficiently understood, especially in configurations where
flange geometry and boundary conditions interact with multi-directional loading scenarios
and IP-OOP interaction effects. The influence of variations in top uplift restriction, wall
openings, and slenderness ratio on interaction effects is either insufficiently explored or
shows no consistent trends. Similarly, the variation of Flange effects across specimens with
differing slenderness or opening configurations requires further investigation. Current
analytical formulations and macro-element models primarily address OOP/IP interaction
and F/IP effects, leaving F/OOP and IP/OOP effects inadequately represented. The lack
of a unified classification framework for interaction scenarios, along with the absence of
standardized methodologies for extrapolating wall-level observations to building-scale
behavior, further impedes progress in this area. Bridging these research gaps necessitates a
more balanced investigative approach, integrating experimental and numerical studies that
systematically examine the full spectrum of interaction effects across a range of structural
configurations and loading conditions.

6.2. Limitations in Experimental and Numerical Methodologies

Despite the valuable insights provided by existing experimental and numerical studies
on IP-OOP interaction and Flange effects in non-framed URM walls, several methodological
limitations exist. Experimental investigations are often constrained by the high cost and
complexity of full-scale testing, resulting in a reliance on small-scale wallet specimens and
simplified loading protocols. Such experimental setups frequently fail to replicate realistic
seismic conditions, particularly in terms of simultaneous multi-directional loading and the
cumulative effects of repeated events. Moreover, inconsistencies in boundary conditions,
wall geometries, and material properties across different studies limit the comparability of
results and impede the development of generalized conclusions. The influence of critical
parameters such as flange geometry, vertical overburden, and opening configurations re-
mains insufficiently explored, while the absence of standardized testing protocols continues
to restrict the reproducibility and scalability of experimental findings. Numerical modeling,
although offering greater flexibility, is similarly constrained by idealized assumptions and a
lack of thorough validation. Most existing models prioritize OOP/IP and F/IP interactions,
with limited focus on IP/OOP and F/OOP effects. Continuum-based modeling approaches,
while capable of capturing detailed responses, are computationally demanding and seldom
employed at the building scale. Conversely, simplified block-based models often disregard
complex boundary interactions and material heterogeneity. Macro-element models, which
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hold promise for large-scale applications, remain in early development stages and typically
do not capture the full range of interaction effects. Finally, the current numerical stud-
ies have primarily employed simplified monotonic loading procedures, leaving a critical
gap in the understanding of interaction effects under more realistic quasi-static cyclic or
dynamic loadings. Moving forward, experimental campaigns should prioritize full-scale,
multi-directional testing under realistic boundary conditions, coupled with systematic
variation of key parameters. Such efforts are essential for enabling robust model calibration
and advancing the development of predictive tools tailored to design applications.

6.3. Practical Gaps in Design and Assessment Guidelines

Despite the growing recognition of IP-OOP interaction and Flange effects on non-
framed URM walls, current design and assessment guidelines remain largely inadequate
in addressing these complexities. Most existing provisions treat IP and OOP behaviors
as independent phenomena, disregarding the compounded effects that emerge under
realistic seismic loading. This simplification is particularly problematic in non-framed
configurations, where the absence of confining structural frames heightens the significance
of wall-to-wall interactions and geometric discontinuities. Consequently, critical failure
mechanisms, such as those initiated by pre-existing damage or flange-induced stress redis-
tribution, are frequently omitted from standard design checks. The limited incorporation
of interaction effects into predictive models and assessment tools further exacerbates this
shortcoming. Although some empirical relationships and macro-element formulations
exist, these are typically calibrated for isolated loading scenarios and fail to capture the
complete range of interaction mechanisms, particularly IP/OOP and F/OOP interaction
effects. Moreover, many of these models rely on idealized assumptions and lack validation
against full-scale experimental data, thereby limiting their reliability and applicability in
practice. This disconnect between emerging research and engineering application leaves
practitioners without robust methodologies for evaluating the seismic vulnerability of URM
buildings, especially in regions prone to frequent low-to-moderate seismicity or induced
seismic events. Another critical limitation lies in the extrapolation of wall-level insights to
building-scale performance. Current approaches for scaling experimental or numerical find-
ings to the structural level are either overly simplified or entirely absent, thereby restricting
their utility in comprehensive seismic assessments. The lack of standardized procedures for
integrating interaction-sensitive parameters, such as flange geometry, boundary conditions,
and cumulative damage, into design workflows further impedes the practical adoption of
research outcomes. Bridging this gap requires not only the advancement of analytical and
numerical models, but also a concerted effort to embed these developments into design
codes and regulatory frameworks, thereby ensuring that the complex seismic behavior of
URM walls is appropriately addressed in future construction and retrofit strategies.

7. Conclusions
This paper presents a comprehensive review of existing studies on the interaction

between in-plane (IP) and out-of-plane (OOP) behaviors in non-framed unreinforced
masonry (URM) walls, i.e., walls not supported by a surrounding frame such as reinforced
concrete or steel members, including both single-wall configurations (without flanges)
and flanged walls. A large dataset is compiled from experimental and numerical research
investigating two main interaction scenarios: the first involves direct IP-OOP interaction
effects, where IP and OOP responses influence one another; the second concerns Flange
effects, where the presence of flanges alters the IP or OOP behavior of walls. Key properties
affecting these interactions are identified through cross-comparisons of studies conducted
at the wall level. Additionally, a brief review is provided of current analytical design
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and assessment formulas, as well as macro-element models incorporating direct IP-OOP
interactions and Flange effects for building-level analyses. The main findings are as follows:

• A consistent framework for classifying interaction scenarios is lacking in the literature.
This study introduces a unified terminology to support clearer communication and
comparison across studies.

• Boundary conditions are a decisive factor in shaping interaction effects. The strongest
interactions occur when IP and OOP failure mechanisms produce overlapping crack
patterns.

• Flange effects significantly influence both IP and OOP responses, but their impact
varies depending on wall geometry, vertical pre-compression, and loading configura-
tion.

• Current predictive models and macro-element formulations only partially capture
the complexity of interaction effects, and their applicability to building-level analysis
remains limited.

• Existing design and assessment guidelines do not adequately incorporate IP–OOP
interactions or Flange effects, leaving a gap between research findings and engineering
practice.

Overall, the findings underscore the importance of accounting for interaction effects in
the seismic assessment of URM walls and highlight the need for more integrated approaches
in modeling and design. Future research should prioritize the following areas:

• Expanded experimental campaigns: development of testing facilities capable of simu-
lating realistic seismic loading scenarios, including simultaneous IP and OOP actions,
is essential. Full-scale tests on flanged and non-flanged walls with varied geometries
and boundary conditions will provide critical data for model validation.

• Advanced numerical modeling: refinement of continuum-based and discrete ele-
ment models to incorporate complex interaction mechanisms, including IP/OOP and
F/OOP effects, is needed. These models should be calibrated against experimental
data and capable of simulating building-level behavior.

• Analytical frameworks: mechanics-based approaches that account for multi-directional
loading, flange configurations, and material heterogeneity should be developed. These
frameworks must be adaptable to different wall typologies and loading histories.

• Integration into design codes: collaboration with regulatory bodies to translate re-
search findings into practical design provisions is crucial. This includes the develop-
ment of simplified assessment tools and design charts that incorporate interaction
effects.

• Consideration of induced seismicity and cumulative damage: regions experiencing
frequent low-magnitude earthquakes require tailored methodologies that account for
cumulative damage and settlement effects on OOP stability.
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Nomenclature

General Terms *
URM: Unreinforced Masonry IP: In-Plane OOP: Out-of-Plane

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
F/IP: Effects of the presence of flanges on the IP response of the main walls
F/OOP: Effects of the presence of flanges on the OOP response of the main walls
F/IP-OOP: Effects of the presence of flanges on the response of the main walls to direct IP-OOP interaction effects

Numerical Modeling Approaches
SMSBB: Simplified Micro-Scale Block-Based CoB: Continuum-Based

Specimen Type
Wt: Wallet NFW: Non-Flanged Wall FW: Flanged Wall

Masonry Unit Type

HCLB: Hollow Clay Block/Brick HCB: Hollow Concrete Block/Brick SFAB: Solid Fly Ash Block SCLB: Solid
Clay Brick

SCSBL: Solid Calcium Silicate Block SMB: Solid Marble Brick SSB: Solid Sugar Block

Masonry Unit Configuration1
H: Horizontal Holes V: Vertical Holes f’

m : Masonry Prism Compressive Strength

Mortar Type and Configuration
C:

Ce-
ment

L: Lime S: Sand DHJ: Dry Head Joints

Opening Type and Position
D:

Door W: Window OF: Opening on Flanges

Geometrical Properties

h/l: Height/Length Aspect Ratio h/t: Height/Thickness Slenderness Ratio lf /l: Flange/Wall Length Ratio

t:
Wall
Thick-
ness

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

Loading Apparatus
DiC: Diagonal Compression ToD: Top Displacement ToL: Top Load
WFMiPL: Wall Face Middle-Point Load WF3PL: Wall Face Three-Point Load WFP: Wall Face Pressure
MHD: Mid-Height Displacement BR: Base Rotation ST: Shake Table

Boundary Conditions
Ct: Cantilever SCt: Semi-Cantilever DC: Double-Clamped
1WB: One-Way Bending 2WB: Two-Way Bending B: Beam-like

RTU: Restricted Top Uplift RTRU: Restricted Top Rotation and Uplift FR4E: Free Rotation at All Four
Edges

FR3E: Free Rotation at Top and Side Edges FRSE: Free Rotation at Two Side Edges FRTE: Free Rotation at Top Edge

FTE: Free OOP Motion of Top Edge F1SE: Free OOP Motion of One Side Edge NLC: No IP Confinement at Two
Side Edges

* The abbreviations are shown with bold text and are classified into several categories, shown with bold italic text,
based on the information they provide.
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