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Abstract. The influence of infills on the seismic response of frame structures has been long 

recognised. On the one hand, the presence of infills may be beneficial, due to their contribution to 

dissipate energy. On the other hand, irregular infill distributions in plan or elevation can lead to 

concentration of the displacement demand in localised parts of the building. It is noted that the lack 

of one or more panels may depend on the original building layout or may be generated by the infill 

collapse during a seismic event. It is therefore of interest the assessment of their capacity to resist 

out-of-plane loads. 

In this paper, the use of the yield-line theory for the estimation of the out-of-plane infill strength is 

investigated. The method is described in detail and an example of derivation of the related equations 

is presented. Afterward, a modification of such equations is suggested to account for different 

contact conditions at the infill-frame interface. Moreover, specific attention is paid to the 

assessment of the masonry flexural strength, which is a basic parameter for the application of the 

method. Finally, a reduction factor is calibrated to extend the method to those cases in which 

previous in-plane damage is present. Experimental tests available in the literature are used to verify 

and calibrate the proposed equations and coefficients. 

Keywords: Infilled frame; Flexural strength; Out-of-plane collapse mechanism, Yield moment, 

Interstory drift ratio. 
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1 INTRODUCTION 

Reinforced concrete and steel framed structures are often infilled with unreinforced masonry walls. 

Generally, such walls are considered non-structural during the building design stage, even though 

their influence on the seismic response of buildings is widely recognized [1–6]. The extent of their 

effect depends on the relative stiffness and strength of the infill and the frame as well as on their 

distribution in plan and elevation [7]. To this concern, the collapse of an infill may cause adverse 

structural conditions, e.g. the development of irregular configurations, with consequent 

concentration of the displacement demand in localised parts of the building.  

As observed after recent seismic events [8–12], the failure of infills, especially in the out-of-plane 

(OOP) direction, is frequent also in case of moderate earthquakes, causing a risk for life and socio-

economic losses and the reduction of the structural capacity. This explains the increasingly growing 

efforts devoted to the study of the OOP response of infills and to the interaction between in-plane 

(IP) and OOP loads [13–21] . State of the art reviews may be found in [22,23]. One of the main 

goals of the published research is the assessment of the OOP strength, for which different 

approaches have been proposed, like those based on the one-way [24,25] or two-way [26,27] 

arching action.  Such models are often calibrated and verified by means of experimental results [28–

31]. Numerical methods, which resort to finite or discrete elements, have been used as well  [32–34]. 

Other approaches are based on the yield-line theory, which was initially proposed to determine the 

collapse load of reinforced concrete slabs [35,36] and subsequently modified for use in the analysis 

of masonry walls [37,38]. The yield-line method consists in defining a kinematically compatible 

pattern (yield-line mechanism) and calculating the limit load by equating the internal and external 

works. It is assumed that the bending moment in a point of a yield line reaches the yield value and 

remains constant until such value is attained along the whole line. Clearly, this assumption cannot 

be achieved for a brittle material such as masonry and can lead to the overestimation of the limit 

load [39]. On the other hand, the method allows to take into account different strengths in two 

orthogonal directions and the bending resistance along supports [38]. In addition, even though 

actual yield-line behaviour cannot be theoretically justified, a substantial body of data demonstrates 

that the yield-line analyses provide quite good estimations, albeit slightly unconservative, of the 

failure pressure [40]. To obtain better predictions, some modifications were introduced, such as 

those included in the failure-line method and in the fracture-line method. In the former, the 

contribution of the first crack to the internal work is partially or totally disregarded [41,42], while a 

coefficient to take into account the stiffness orthotropy is introduced in the fracture-line method 

[43]. A comparison between yield-line, failure-line and fracture-line methods is presented in [44].  
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The yield-line and failure-line methods are probably the most adopted because they are 

implemented in codes in form of tabulated coefficients, thus simplifying their use. Specifically, the 

yield-line method was first introduced in the British Standard BS 5628 [45] and later on in 

Eurocode 6 [46], whereas the failure-line method was included in the Canadian Code [47]. On the 

other hand, the fracture-line method requires the knowledge of an additional parameter to take into 

account the stiffness orthotropy, thus entailing a further source of error. 

The current approach implemented in codes applies to masonry walls rather than infills and assumes 

that the yield moments - when present - at the wall edges are the same as those at internal cracks. 

Obviously, the contact conditions that develop between an infill and the surrounding frame are 

different from those present in a masonry wall. In this study, to account for such feature, the yield-

line equations are rewritten to allow the adoption of different yield moments at edges and along 

internal cracks. Moreover, a coefficient is introduced to take into account the vanishing of the yield 

moment at the first crack, as suggested in the failure-line method. Finally, an empirical factor is 

proposed to extend the method to those cases in which previous IP damage is present. Part of the 

study is devoted to the assessment and prediction of the masonry flexural strength, which is a basic 

parameter for the application of the method. To calibrate and validate the proposed equations and 

coefficients, two different datasets are employed: one including tests on wallettes subjected to 

bending, and the other one consisting of tests on one-bay one-storey infilled frames subjected to 

OOP or combined IP/OOP loads.  

2 THE YIELD-LINE METHOD  

The yield-line method consists in defining a kinematically compatible mechanism (yield-line 

mechanism) in which all deformations take place along yield lines and edges, and the single 

portions of the wall rotate as rigid bodies (Figure 1). The balance between external work and 

internal work, which is given by the energy dissipated along the yield lines, provides the value of 

the external load. Considering the upper bound theorem of the limit analyses, it is possible to 

recognise that the yield-line method provides an upper bound of the wall strength. Amongst the 

infinite number of mechanisms, the collapse mechanism is the one that occurs under the smallest 

load. 
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Figure 1: Kinematically compatible mechanism, each part of the panel rotates as a rigid body about the yield lines. 

 

In the following subsection, the procedure to obtain the yield-line method equations is outlined for a 

panel bounded on four edges (§ 2.1), while in § 2.2 the equations are rewritten considering different 

yield moments at edges and along internal cracks and introducing a coefficient to take into account 

the vanishing of the yield moment at the first crack. 

2.1 Yield-line equations  

In the yield-line method the following assumptions are made:  

- wall portions deflect as rigid bodies bordered by crack lines, the pattern of which defines a 

collapse mechanism (Figure 1);  

- bending moment in a point of a yield line reaches the yield value (moment capacity) and 

remains constant until collapse; which is to say that moment capacities along all cracks are 

reached simultaneously at the point of ultimate strength [42]; 

- the flexural strength in the horizontal direction, 𝑓𝑥1, can be expressed as a function of the 

flexural strength in the vertical direction,  𝑓𝑥2 : 

 𝑓𝑥1  = 𝜇 𝑓𝑥2  (1) 

therefore,  

𝑚1 =  𝑓𝑥1 𝑍 = 𝜇 𝑓𝑥2 𝑍 = 𝜇 𝑚2 (2) 

where 𝜇 is the orthogonal ratio, 𝑚1 and 𝑚2 are yield moments in the horizontal and vertical 

directions, i.e. having the plane of failure parallel and normal to the bed joints, respectively 

(Figure 2); and 𝑍 is the elastic section modulus of unit height or unit length of the wall: 

𝑍 = 𝑡2 6⁄   (3) 

where 𝑡 is the panel thickness. 
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          (a)                 (b) 

Figure 2: Plane of failure of masonry in bending: a) parallel to bed joints (flexural strength 𝑓𝑥1, yield moment 𝑚1); b) 

perpendicular to bed joints (flexural strength 𝑓𝑥2, yield moment 𝑚2).  

 

Considering a wall fully restrained along four edges and loaded by a uniform pressure 𝑞, possible 

mechanisms are those represented in Figure 3.  

 

(a) (b) 

Figure 3: Possible collapse mechanisms of a wall fully restrained along four edges and loaded by a uniform pressure 𝑞. 

 

For the mechanism in Figure 3a, dividing the wall area as shown in the figure, the work of external 

load is obtained by the sum of the following terms: 

 

𝑊𝑒𝑥𝑡,1 = ∫ 𝑞 𝜃1𝑦 (𝛽𝑙 −
2𝛽

𝑟
𝑦) 𝑑𝑦

𝑟𝑙
2

0

=
1

12
𝑞𝛿𝛽𝑟𝑙2  (4) 

𝑊𝑒𝑥𝑡,2 = ∫ 𝑞 𝜃2𝑥 (
𝑟𝑙

2
−

𝑟

2𝛽
𝑥) 𝑑𝑥

𝛽𝑙

0

=
1

12
𝑞𝛿𝛽𝑟𝑙2 (5) 

𝑊𝑒𝑥𝑡,3 = ∫ 𝑞 𝜃1𝑦(𝑙 − 2𝛽𝑙)𝑑𝑦

𝑟𝑙
2

0

=
1

4
𝑞𝛿𝑟𝑙2(1 − 2𝛽) (6) 
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𝑊𝑒𝑥𝑡 = 4𝑊𝑒𝑥𝑡,1 + 4𝑊𝑒𝑥𝑡,2 + 2𝑊𝑒𝑥𝑡,3 =
1

6
𝑞𝛿𝑟𝑙2(3 − 2𝛽) (7) 

 

The internal work is given by the sum of energies dissipated along the yield lines. Projecting the 

internal yield moments onto the horizontal and vertical axes, the internal work at internal cracks, 

𝑊𝑖𝑛𝑡,1, and at the edges, 𝑊𝑖𝑛𝑡,2, are obtained:  

𝑊𝑖𝑛𝑡,1 = 𝑚12𝜃1(𝑙 − 2𝛽𝑙) + 4 (𝑚1𝜃1𝛽𝑙 + 𝑚2𝜃2

𝑟𝑙

2
) = 4𝑚2𝛿 (

𝜇

𝑟
+

𝑟

2𝛽
) (8) 

𝑊𝑖𝑛𝑡,2 = 2𝑚2𝜃2𝑟𝑙 + 2𝑚1𝜃1𝑙 = 2𝑚2𝛿 (
𝑟

𝛽
+

2𝜇

𝑟
) (9) 

 

Therefore, the total internal dissipated energy is:  

𝑊𝑖𝑛𝑡 = 𝑊𝑖𝑛𝑡,1 + 𝑊𝑖𝑛𝑡,2 = 4𝑚2𝛿 (
2𝜇

𝑟
+

𝑟

𝛽
) (10) 

 

Equating the external and internal works gives: 

1

6
𝑞𝛿𝑟𝑙2(3 − 2𝛽) = 4𝑚2𝛿 (

2𝜇

𝑟
+

𝑟

𝛽
) (11) 

𝑞 =  
24 𝑚2(𝑟2 + 2𝜇𝛽)

𝑟2𝑙2𝛽(3 − 2𝛽)
 (12) 

 

The value of 𝛽 is determined for minimum collapse load  

𝜕𝑞

𝜕𝛽
= 0 (13) 

which gives: 

4𝜇𝛽2 + 4𝑟2𝛽 − 3𝑟2 = 0 (14) 

Solving for 𝛽 

𝛽 =
−𝑟2 ± √𝑟4 + 3𝜇𝑟2

2𝜇
≤ 0.5 (15) 

 

Minimum collapse load is finally obtained by substituting the value of 𝛽 into Eq. (12). Likewise, 

the following expressions of 𝑞 of 𝛽 are found for the mechanism in Figure 3b:  
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𝑞 =
24𝑚2( 2 𝑟2𝛽 + 𝜇 )

𝑟2𝑙2𝛽(3 − 2𝛽)
 (16) 

𝛽 =
− 𝜇 + √3 𝜇 𝑟2 +  𝜇2

2 𝑟2
≤ 0.5 (17) 

 

The collapse load is finally given by the minimum between Eq. (12) and Eq. (16).  

As already mentioned, this method was implemented in codes in form of tabulated coefficients. For 

example, with reference to Eurocode 6 [46], the design moments per unit length in two orthogonal 

directions, 𝑀𝐸𝑑1 and 𝑀𝐸𝑑2, applied to masonry walls subjected to a design lateral uniform pressure 

𝑞𝑑 can be calculated as:   

𝑀𝐸𝑑1 = 𝛼1 𝑞𝑑 𝑙2 (18) 

𝑀𝐸𝑑2 = 𝛼2 𝑞𝑑  𝑙2 (19) 

  

where 𝛼2 is a coefficient provided in Annex E [46] and 𝛼1 = 𝜇 𝛼2. Such moments must not be 

greater than the design values of the moment resistances  𝑚1𝑑 and 𝑚2𝑑 

  

𝛼1 𝑞𝑑  𝑙2 ≤ 𝑚1𝑑 = 𝑓𝑥𝑑1 𝑍 (20) 

𝛼2 𝑞𝑑  𝑙2 ≤ 𝑚2𝑑 = 𝑓𝑥𝑑2 𝑍 (21) 

  

Values of 𝛼2 provided in Annex E are calculated through the yield-line theory as: 

𝛼2 =
𝑚2

𝑞 𝑙2
 (22) 

 

where 𝑞  is the uniform load which leads to collapse. For example, considering a wall fully 

restrained along four edges and under the hypothesis that minimum collapse load is given by Eq. 

(16), the coefficient 𝛼2 is equal to:  

𝛼2 =  
𝑟2𝑙2𝛽(3 − 2𝛽)

24( 2 𝑟2𝛽 + 𝜇 ) 𝑙2
 (23) 
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2.2 Modified yield-line equations  

In the procedure outlined above, it is implied that the yield moments 𝑚1 and 𝑚2 are the same at 

internal cracks and at cracks along the edges of the wall. This assumption is not adequate for an 

infill, especially along the vertical edges, where the bond between masonry and columns relies 

entirely on the head mortar joints along the contact surfaces. Therefore, to allow the adoption of 

different yield moments at the infill-frame interfaces (𝑚𝑎 and  𝑚𝑏 in Figure 4), two coefficients 

(𝛾𝑎 and  𝛾𝑏) are introduced, so that:  

𝑚𝑎 =  𝛾𝑎 𝑚1 = 𝛾𝑎  𝜇 𝑚2 = 𝛾𝑎 𝜇 𝑓𝑥2 𝑍 (24) 

𝑚𝑏 =  𝛾𝑏 𝑚1 = 𝛾𝑏  𝑓𝑥1 𝑍 (25) 

where 𝑚𝑎  and 𝑚𝑏  are the yield moments that develop at the vertical and horizontal edges, 

respectively, and 𝛾𝑎  and 𝛾𝑏  are coefficients that depend on the contact conditions between the 

masonry and the frame. Given that 𝑚1 and 𝑚2 are proportional to the masonry flexural strengths, 

𝛾𝑎 and  𝛾𝑏  can be also regarded as factors applied to such strengths. Values assigned to 𝛾𝑎 and 

𝛾𝑏are specified in § 4.2 for different frame types.    

To take into account the vanishing of the yield moment at the first crack, a reduction factor 𝑘 is 

considered so that the length of the crack contributing to the internal work is: 

𝑙𝑐
′ =  𝑘 𝑙𝑐 (26) 

for 𝑘 = 1 the first crack is taken into account in the estimation of the internal work, while for 𝑘 = 0 

it is totally disregarded (like in the failure-line method).  

With reference to the same example of the previous section (Figure 3), the internal work, given by 

the sum of energies dissipated along the internal yield lines, 𝑊𝑖𝑛𝑡,1, and at the edges, 𝑊𝑖𝑛𝑡,2, are:  

𝑊𝑖𝑛𝑡,1 = 𝑚1Δ𝜃1𝑘(𝑙 − 2𝛽𝑙) + 4 (𝑚1𝜃1𝛽𝑙 + 𝑚2𝜃2

𝑟𝑙

2
)

= 4𝑚2𝛿 [
𝜇

𝑟
𝑘(1 − 2𝛽) +

2𝜇𝛽

𝑟
+

𝑟

2𝛽
] 

(27) 

𝑊𝑖𝑛𝑡,2 = 2𝑚𝑎𝜃2𝑟𝑙 + 2𝑚𝑏𝜃1𝑙 = 2𝜇𝑚2𝛿 (
𝛾𝑎𝑟

𝛽
+

2𝛾𝑏

𝑟
) (28) 

 

The total internal dissipated energy is given by:  

𝑊𝑖𝑛𝑡 = 𝑊𝑖𝑛𝑡,1 + 𝑊𝑖𝑛𝑡,2 = 4𝑚2𝛿 [
𝜇

𝑟
𝑘(1 − 2𝛽) +

2𝜇𝛽

𝑟
+

𝑟

2𝛽
+

𝜇𝛾𝑎𝑟

2𝛽
+

𝜇𝛾𝑏

𝑟
] (29) 
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(a) (b) 

 
(c) (d) 

Figure 4: Yield-line pattern, under the assumption of rigid plate rotation within yield-line boundaries: a) and b) possible 

collapse mechanisms for a panel supported along four edges; c) and d) possible collapse mechanisms for a panel 

supported along three edges.     

 

Equating the external work (Eq. (7)) to the internal one and finding the value of 𝛽 related to  the 

minimum collapse load gives: 

1

6
𝑞𝛿𝑟𝑙2(3 − 2𝛽) = 4𝑚2𝛿 [

𝜇

𝑟
𝑘(1 − 2𝛽) +

2𝜇𝛽

𝑟
+

𝑟

2𝛽
+

𝜇𝛾𝑎𝑟

2𝛽
+

𝜇𝛾𝑏

𝑟
] (30) 

𝑞 = 12𝑚2  
4𝜇(1 − 𝑘)𝛽2 + 2𝜇(𝛾𝑏 + 𝑘)𝛽 + (1 + 𝜇𝛾𝑎)𝑟2

𝑟2𝑙2𝛽(3 − 2𝛽)
 (31) 

𝜕𝑞

𝜕𝛽
= 0 (32) 

(12𝜇 − 8𝑘𝜇 + 4𝛾𝑏𝜇)𝛽2 + (4𝑟2 + 4𝛾𝑎𝜇𝑟2)𝛽 − 3𝑟2 − 3𝛾𝑎𝜇𝑟2 = 0 (33) 

𝛽 =
−(1 + γ𝑎 𝜇)𝑟2 + 𝑟 √(1 + γ𝑎𝜇)(𝑟2 + 3(3 − 2𝑘)𝜇 + 𝑟2γ𝑎𝜇 + 3γ𝑏𝜇)

2𝜇(3 − 2𝑘 + γ𝑏)
 (34) 

 

 

m   
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Minimum collapse load for mechanism in Figure 3a is then obtained by substituting the value of 𝛽 

into Eq. (31). In the same way, the following expressions of 𝑞 and 𝛽 are found for the mechanism in 

Figure 3b:  

𝑞 = 12𝑚2

4𝑟2(1 − 𝑘)𝛽2 + 2𝑟2(𝑘 + γ𝑎𝜇)𝛽 + (1 + γ𝑏)𝜇

𝑟2𝑙2𝛽(3 − 2𝛽)
 (35) 

𝛽 =
−(1 + γ𝑏)𝜇 + √(1 + γ𝑏)(3𝑟2𝜇(3 − 2𝑘) + 𝜇2 + 3𝑟2γ𝑎𝜇2 + γ𝑏𝜇2)

2𝑟2(3 − 2𝑘 + γ𝑎𝜇)
 (36) 

 

Finally, the minimum between Eq. (31) and Eq. (35) gives the collapse pressure. With the same 

procedure, equations are found for different support conditions (Appendix A). 

3 FLEXURAL STRENGTH AND ORTHOGONAL RATIO  

The knowledge of the flexural strengths in two orthogonal directions or, which is the same, of the 

flexural strength in one direction and the orthogonal ratio, is a major requirement for the application 

of the yield-line method. These characteristics depend on a number of variables, such as the 

geometrical and mechanical characteristics of units, the mortar type and the thickness of mortar 

joints. An insight on solid clay brick masonry is given in [48], where the influence of the water 

absorption of the units and the use of additives to the mortar strength are specifically investigated. 

However, since the compressive strength of masonry is influenced by many of the factors which 

affect the flexural strength, a correlation between the two was suggested by Satti [49].  

In this section, in order to find a relation between flexural and compressive strengths, a number of 

experimental tests carried out on masonry wallettes made of clay bricks or concrete blocks are 

investigated. A summary is reported in Table 1, whereas more details are given in a supplementary 

data file (wallettes_experimental_tests data sheet). The tests are performed on simply supported 

wallettes loaded along two lines as schematically reported in Figure 5a, or, less frequently, at 

midspan (Figure 5b).  

The flexural strength in the direction normal to the bed joins (moment vector parallel to bed joints), 

normalised by the compressive strength is shown in Figure 6. The trend is somewhat sharp and 

highlights how the ratio 𝑓𝑥1 𝑓𝑚⁄  decreases with increasing 𝑓𝑚 . This outcome confirms that the 

normalised flexural strength, 𝑓𝑥1 𝑓𝑚⁄ , can be expressed as a function of the compressive strength. 

Regression analysis provides the following equation: 

 

𝑓𝑥1 𝑓𝑚⁄ = 0.154 𝑓𝑚
−0.902

 (37) 
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It is worth mentioning that the above formula is obtained from tests on simply supported specimens. 

The presence of frame elements, which  hinder rotations at the edges and provide a confining action, 

enhances the infill flexural strength. Therefore, the use of Eq. (37) in the yield-line method is 

expected to provide conservative values of the OOP collapse load.  

 

 Flexural tests Compressive 

tests 
(1)

 
Reference 

Number of 

tests 
Code/standard Lateral load Masonry units 

Hendry (1973) [37] and  

Satti (1972) [49] 
10 - at centre Solid clay bricks Unit and mortar 

Hamid and Drysdale 

(1988) [50] 
9 - at two points 

Solid concrete blocks 

(2) Vertical hollow 

concrete blocks (7) 

Unit and mortar 

Angel et al. (1994) [25] 2 ASTM E518 
(2)

 at two points Solid clay bricks Prism tests 

Brown and Melander 

(2001) [51] 
8 ASTM C1390 

(3)
 at two points 

Solid clay bricks (4) 

Vertical hollow 

concrete blocks (4) 

Unit and mortar 

Varela-Rivera et al. 

(2011, 2012) [52,53] 
3 ASTM E72 

(4)
 at two points 

Vertical hollow 

concrete blocks  
Prism tests 

Pereira et al. (2011, 

2014) [54,55] 
2 EN 1052-2 

(5)
 at two points 

Horizontal hollow clay 

bricks 
Wallette tests 

Singhal and Rai (2014) 

[56] 
1 EN 1052-2 

(5)
 at two points Solid clay bricks Prism tests 

Costigan and Pavia 

(2009) [57]  
3 EN 1052-2 

(5)
 at two points Solid clay bricks Wallette tests 

Raposo et al. (2018) 

[58] 
1 EN 1052-2 

(5)
 at two points 

Vertical hollow 

concrete blocks 
Unit and mortar 

Anić et al. (2019) [59] 1 EN 1052-2 
(5)

 at two points 
Vertical hollows clay 

bricks 
Wallette tests 

Furtado et al. (2020) 

[60] 
4 EN 1052-2 

(5)
 at two points 

Horizontal hollow clay 

bricks (3) 

Vertical hollow 

concrete blocks (1) 

Wallette tests 

Nalon et al. (2020) [61] 6 ASTM E518 
(2)

 at two points 
Vertical hollow 

concrete blocks 
Prism tests 

(1)
 Compressive strength is obtained either directly by experimental tests on masonry specimens (prisms or wallettes) or 

indirectly based on compressive tests on units and mortar.  
(2)

 ASTM E518, Standard test methods for flexural bond strength of masonry. ASTM International, W 

est Conshohocken PA. 
(3)

 ASTM C1390-80, Test methods for flexural bond strength of masonry, ASTM International, West Conshohocken, PA. 
(4)

 ASTM E72, Standard test methods of conducting strength tests of panels for building construction. ASTM International, West 

Conshohocken, PA. 
(5)

 EN 1052-2, Methods of test for masonry - Part 2: Determination of flexural strength. London: British Standards Institution. 

Table 1: Experimental tests on wallettes.  
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(a) (b) 

Figure 5: Flexural tests load patterns: a) along two lines; b) at midspan. 

 

  

Figure 6: Flexural strength normal to the bed joins (moment vector parallel to bed joints), normalised by the 

compressive strength. Values are obtained from experimental tests on wallettes (Table 1). 

 

The orthogonal ratio, i.e. the ratio between the flexural strengths normal and parallel to bed joints,   

𝑓𝑥1/𝑓𝑥2 , shows different trends depending on whether the masonry in made of clay bricks or 

concrete blocks. In the former case, the orthogonal ratio decreases with increasing compressive 

strength (Figure 7a), whereas in the latter case a clear tendency is not present (Figure 7b). In 

conclusion, the following equations of the orthogonal ratio are proposed for clay brick masonry and 

for concrete block masonry, respectively:  
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𝜇 = 𝑓𝑥1 𝑓𝑥2⁄ = 0.539 𝑓𝑚
−0.463

 (38) 

𝜇 = 𝑓𝑥1 𝑓𝑥2⁄ = 0.39 (39) 

 

  
(a) (b) 

Figure 7: Orthogonal ratio obtained in experimental tests on wallettes (Table 1): a) clay bricks wallettes; b) concrete 

blocks wallettes. 

 

The errors related to the use of Eq. (37), (38) and (39), estimated through the logarithmic standard 

deviation, 𝜎𝑙𝑛 , of the ratio between predicted and experimental values, are 0.49, 0.37 and 0.40, 

respectively. 

 

4 CALIBRATION OF THE MODIFIED YIELD-LINE METHOD  

As mentioned above, equations presented in Appendix A require the knowledge of the masonry 

strength in bending. A first attempt to estimate this parameter is described in § 3. However, in 

experimental tests on wallettes the flexural strength is evaluated on simply supported specimens 

(Figure 5), thus a conservative estimate of the OOP collapse load is expected when using such 

results. For this reason, a dataset of experimental tests on infilled frames is also employed to 

calibrate a better equation of the flexural strength for use in the yield-line method. Subsequently, 

the effect of prior IP damage is introduced by modifying the parameters 𝛾𝑎, 𝛾𝑏 and 𝑘.  

4.1 Experimental dataset  

A database consisting of 191 experimental tests on infilled frames was compiled in a previous 

research [21]. In the present study, tests without a surrounding frame as well as those in which infill 

walls were reinforced or strengthened or were not engaged until failure were disregarded (125 tests), 

while 6 more recent tests were added. Hence, the final experimental dataset includes 72 tests (Table 
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2 and infills_experimental_tests data sheet of the supplementary file), 39 of which are pure OOP, 

whereas 33 specimens were previously subjected to prior IP damage. The first group is used to 

assess the horizontal flexural strength. The second bunch is used to calibrate the parameters to take 

into account the IP-OOP interaction.  

In the experimental tests, frames are mostly made of reinforced concrete (59 samples), whereas in 

13 cases they are steel frames. Tests on confined masonry are considered as well (12 out of 59). 

They differ from infilled frames for the construction sequence. In fact, in infilled frames the infill is 

constructed after the frame, while in the case of confined masonry the wall is built before the frame, 

and RC beam and columns are subsequently cast against the masonry. As a consequence, a stronger 

bond develops between the two materials, especially at the vertical edges, where a toothed 

connection is often present [62]. These different conditions are taken into account in the application 

of the yield line method by adopting a different value for the coefficient 𝛾𝑎, as explained in § 4.2. 

Aspect and slenderness ratios are representative of typical infilled frames. The former value is in the 

range 0.5-1.0 (Figure 8a), with the majority (64%) having an aspect ratio between 0.6 and 0.8, the 

latter is not greater than 25 in 95% of the cases (Figure 8b).    

In 46 tests the walls were made up of clay bricks having horizontal or vertical hollows or solid 

bricks, whereas concrete blocks having vertical hollows were used in 26 specimens. The masonry 

compressive strength varies between 0.5 and 30.5 MPa (Figure 8c), but in 80% of the cases it not 

greater than 15.0 MPa. Higher values are related to concrete block infills. 

In 39 tests the infills were loaded in the OOP direction only. Generally, the OOP loads were applied 

monotonically by means of airbags, in some cases they were applied at four points or at mid-height. 

In the latter cases the equivalent uniform pressure was estimated so as to provide the same 

maximum bending moment as the concentrated forces. Some remarks on this aspect are given in § 

4.3. Finally, the interaction between IP and OOP actions was considered in 33 tests, where an IP 

horizontal displacement was applied at the beam level prior to the OOP load. 

Experimental results are generally presented in terms of force-displacement curves. Often, the 

qualitative behaviour is also described. By a comparison between different experimental campaigns 

it appears that establishing a clear correspondence between collapse mechanisms and geometrical 

and mechanical characteristics of the infill and the frame is not straightforward. However, for 

rectangular infills bounded along four edges the most frequent mechanism is that shown in Figure 

A2a (Appendix A), whereas specimens having an infill-beam gap showed crack patterns similar to 

those in Figure A2d. Nevertheless, in some cases the latter mechanism was observed also in infills 

with no gap, thus indicating the weakness of the infill-upper beam bond with respect to those along 
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the other edges. Finally, in some experimental tests the infill presented also smeared cracks. This 

occurred especially for infills made of clay bricks with horizontal hollows, while solid clay bricks 

and concrete blocks with vertical hollows showed sharper crack patterns. 

 

Reference OOP
(1)

  
IP-

OOP
(2)

  
Frame

(3)
 Masonry units 

Boundary 

conditions
(4)

 

OOP load 

type  

Dawe and Seah (1989) 

[26] 
6 - Steel 

Vertical hollow 

concrete blocks 

3 edges (1) 

4 edges (5) 
airbag 

Angel et al. (1994) [25] 1 5 RC Solid clay bricks  4 edges  airbag 

Flanagan (1994) [28]  

Flanagan and Bennett 

(1999) [63] 

3 3 Steel 
Horizontal hollow 

clay bricks 
4 edges  airbag 

Calvi and Bolognini 

(2001) [64] 
1 2 RC 

Horizontal hollow 

clay bricks  
4 edges  

loaded at 

four points 

Pereira et al. (2011, 

2014) [54,55] 
- 4 RC 

Horizontal hollow 

clay bricks 
4 edges airbag 

Varela-Rivera et al. 

(2011) [52] 
6 - CM 

Vertical hollow 

concrete blocks 

3 edges (3) 

4 edges (3) 
airbag 

Varela-Rivera et al. 

(2012) [53] 
6 - CM 

Vertical hollow 

concrete blocks 
4 edges airbag 

Da Porto et al. (2013) 

[65] 
- 3 RC 

Horizontal (1) and 

vertical (2) hollow 

clay bricks 

4 edges 
loaded at 

four points 

Hak et al. (2014) [66] 

and Morandi et al. (2018) 

[67] 

- 3 RC 
Vertical hollow 

clay bricks 
4 edges 

loaded at 

mid-height 

Furtado et al. (2016) [68] 2 1 RC 
Horizontal hollow 

clay bricks 
4 edges airbag 

Akhoundi et al. (2016)  

[69]  
1 - RC 

Horizontal hollow 

clay bricks 
4 edges  airbag 

Wang (2017) [70] 3 1 
RC (3) 

Steel (1) 

Vertical hollow 

concrete blocks 

3 edges (1) 

4 edges (3) 
airbag 

Sepasdar (2017) [71] 2 2 RC 
Vertical hollow 

concrete blocks 
4 edges airbag 

Ricci et al. (2018) [72] 1 3 RC 
Horizontal hollow 

clay bricks 
4 edges  

loaded at 

four points 

De Risi et al. (2019) [73] 1 3 RC 
Horizontal hollow 

clay bricks 
4 edges  

loaded at 

four points 

Di Domenico et al. 

(2019) [74] 
3 - RC 

Horizontal hollow 

clay bricks 

3 edges (2) 

4 edges (1) 

loaded at 

four points 

Akhoundi et al. (2020) 

[75] 
3 3 RC 

Horizontal hollow 

clay bricks 
4 edges  airbag 

(1)
 number of tests subjected to OOP loads only; 

(2)
 number of tests subjected to IP displacement and OOP load; 

(3)
 RC = 

Reinforced Concrete, CM = Confined Masonry; 
(4)

 Number of restrained edges. 

Table 2: Experimental tests on infilled frames. 
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(a) (b) (c)  

Figure 8: Experimental dataset distribution according to: a) aspect ratio; b) slenderness ratio; c)masonry compressive 

strength. 

4.2 Model calibration  

First and foremost, modified yield-line equations and pure OOP experimental tests are used to 

calibrate prediction equations of the horizontal flexural strength 𝑓𝑥1. Based on Eq. (2), experimental 

values of 𝑓𝑥1 are obtained as: 

𝑓𝑥1,𝑒𝑥𝑝 =
 𝜇  𝑚2,𝑒𝑥𝑝 

𝑍
 (40) 

where 𝑚2,𝑒𝑥𝑝 is the yield moment corresponding to the experimental collapse pressure and it is  

found from yield-line equations in Appendix A. The equation parameters, i.e. 𝜇, 𝛾𝑎, 𝛾𝑏 and 𝑘, are 

assumed as follows.     

- If experimental values are not available, the orthogonal ratio, 𝜇, is estimated by means of Eq. (38) 

for clay brick masonry and Eq. (39) for concrete block masonry.  

- 𝛾𝑎, and 𝛾𝑏 are considered constant in case of pure OOP loads and equal to the values reported in 

Table 3. In RC frames the flexural strength at the infill-frame interfaces (both horizontal and 

vertical) is assumed equal to the horizontal flexural strength of the masonry (Figure 2a), thus 

assuming that the mortar-concrete bond is the same as the horizontal mortar-brick bond. In case 

of confined masonry, given the stronger masonry-columns bond, the vertical flexural strength at 

edges is assumed equal to the vertical flexural strength of masonry, thus 𝛾𝑎 = 1 𝜇⁄ . Finally, for 

steel frames the infill-frame bond is disregarded (𝛾𝑎 = 𝛾𝑏 = 0).  

- 𝑘 is assumed equal to 1 in case of pure OOP loads, this means that the contribution of the first 

crack to the internal work is taken into account, consistently with the yield-line method.  

 All the values are summarised in Table 3.  
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 𝜇 

𝛾𝑎 𝛾𝑏 𝑘 
 clay brick 

Eq. (38) 

concrete block 

 Eq. (39) 

RC frames 

0.539 𝑓𝑚
−0.463

 
(1)

 0.39 
(1)

 

1 1 1 

Confined masonry 1 𝜇⁄  1 1 

Steel frames 0 0 1 

(1)
 unless experimental values are available  

Table 3: Equation parameters for pure OOP loads.  

 

Once the horizontal flexural strength (𝑓𝑥1,𝑒𝑥𝑝) is found, a prediction equation able to correlate such 

parameter to the compressive strength is sought. Specifically, based on experimental values of the 

ratio 𝑓𝑥1,𝑒𝑥𝑝 𝑓𝑚,𝑒𝑥𝑝⁄  and taking advantage of the results reported in § 3, i.e. that such ratio can be 

expressed by means of a power function, the following equation is proposed: 

𝑓𝑥1 𝑓𝑚⁄ = 0.35 𝑓𝑚
−0.745

 (41) 

where the coefficients are obtained through a regression analysis. Experimental values, Eq. (37) and 

Eq. (41) are compared in Figure 9, whereas OOP strength predictions using Eq. (37) and Eq. (41) 

are shown in Figure 10a and Figure 10b, respectively. As expected, the experimental OOP collapse 

load is underestimated when using Eq. (37), being the exponential of the logarithmic mean, 𝑒𝜇𝑙𝑛, 

and the logarithmic standard deviation, 𝜎𝑙𝑛 , of the ratio between predicted and experimental 

strength equal to  0.36 and 0.34. In contrast, Eq. (41) is suitable for use in the modified yield line 

method, consistently with the way in which it was derived. In fact, it provides values of the OOP 

strength well matched with the experimental ones (Figure 10b). In this case, 𝑒𝜇𝑙𝑛 and 𝜎𝑙𝑛 are equal 

to 1.00 and 0.30, respectively. 

 

Figure 9: Normalised horizontal flexural strength: experimental and predicted values  
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(a) (b) 

Figure 10: OOP strength of infill in pure OOP tests: predictions vs. experimental values. Values obtained using Eq. (37) 

(a) and Eq. (41) (b) for the estimation of the masonry horizontal flexural strength. Black dotted lines represent the mean 

 one and two standard deviations. 

 

As mentioned above, the presence of cracks due to prior IP damage may reduce the OOP strength. 

To take into account this circumstance, the following assumptions are made: 

1) the first crack (horizontal or vertical depending on the collapse mechanism) does not 

contribute to the total resistance when previous IP damage is present; therefore, the 

coefficient 𝑘 is assumed equal to 0; 

2) the moment contribution at the infill edges decreases due to the detachment between the 

infill and the frame associated to the IP drift, which causes a sliding at the horizontal edges 

and a partial detachment along the vertical edges;  

3) the decrease of the yield moment at edges is function of the interstory drift ratio IDR. 

Based on these premises, the effect IP damage is taken into account by reducing the yield moments 

𝑚𝑎 and 𝑚𝑏. This reduction is accomplished by modifying the coefficients 𝛾𝑎 and  𝛾𝑏 (Eq. (24) (25)) 

through a reduction factor, 𝑅𝐼𝑃.  

  𝛾𝑎,𝐼𝑃 = 𝑅𝐼𝑃 𝛾𝑎 (42) 

𝛾𝑏,𝐼𝑃 = 𝑅𝐼𝑃 𝛾𝑏   (43) 

A regression analysis is performed in order to find an adequate expression of 𝑅𝐼𝑃. More precisely, 

considering the experimental tests subjected to previous IP damage (IDR  0), a reduction factor 

able to provide a good match between experimental and predicted OOP strength is determined so 
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that the exponential of the logarithmic mean, 𝑒𝜇𝑙𝑛, of the ratio between predicted and experimental 

values is close to 1.0. The following expression is finally proposed:  

𝑅𝐼𝑃 = min (
0.02

𝐼𝐷𝑅2
, 1) (44) 

 

Clearly, the reduction factor is always less than 1 and decreases with increasing IDR. The 

comparison between the OOP strength predicted by the proposed model and the experimental 

strength is presented in Figure 11, considering both infills loaded only OOP and infills with 

previous IP damage. Values of 𝑒𝜇𝑙𝑛 and the corresponding logarithmic standard deviation, 𝜎𝑙𝑛, are 

reported in Table 4 for different ranges of IDR.  

 

 

Figure 11: OOP strength of infill: predictions vs. experimental values. Black dotted lines represent the mean  one and 

two standard deviations. 
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 𝑒𝜇𝑙𝑛 𝜎𝑙𝑛 

OOP only (IDR = 0.0 %) 1.00 0.30 

IP+OOP (all drift) 1.08 0.53 

IP+OOP (0.0 % < IDR  0.5 %) 1.03 0.51 

IP+OOP (0.5 % < IDR  1.0 %) 0.93 0.48 

IP+OOP (IDR > 1.0 %) 1.37 0.53 

Whole database 1.03 0.42 

Table 4: Exponential of the logarithmic mean, 𝑒𝜇𝑙𝑛, and logarithmic standard deviation, 𝜎𝑙𝑛, of the ratio between 

predicted and experimental values of the OOP strength. 

 

Better predictions are obtained when there is no previous IP damage (IDR = 0), being 𝑒𝜇𝑙𝑛 equal to 

1.00, while in case of IDR greater than 1.0% the model overestimates the strength (𝑒𝜇𝑙𝑛 equal to 

1.37). Concerning the standard deviation, it is possible to observe that it is smaller when no 

previous IP damage is present and greater in the opposite case, indicating that the IP damage results 

in a higher scatter. This is due to the fact that, when the infill is severely damaged with distributed 

cracks and crushed portions, the actual behaviour cannot be fully represented by a yield line 

mechanism. It is worth mentioning that other studies recommend to disregard the OOP strength 

when the IDR is equal to or greater than 1.0 % [76] or to reduce it to less than 20% of the OOP 

strength obtained in case of no previous IP damage [72].  

4.3 Additional remarks  

The calibration of both equations Eq. (41) and Eq. (44) was carried out considering the dataset in 

Table 2, which includes tests performed with airbags as well as tests in which the OOP load was 

applied in four points or at mid-height (20 test out of 72). In the latter cases, an equivalent uniform 

pressure giving the same maximum bending moment as the concentrated forces was considered. To 

evaluate the extent of the error generated from this simplification and verify the validity of the 

proposed equations, an additional comparison was carried out considering only the tests in which 

the OOP load was applied uniformly. Such comparison is reported in Table 5. Contrarily to what 

presented in Table 4, different ranges of IDR are not considered because the number of tests with 

previous IP damage in each range is inadequate for statistical assessments when the tests with OOP 

concentrated loads are disregarded.  

With reference to Table 5, the results obtained using the whole database and those obtained with the 

“reduced” d t   se are very close to one another when considering the pure OOP tests. A greater 

difference is observed in the IP+OOP tests. However, such difference is on the conservative side. In 
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fact, considering the cases in which an uniform pressure was applied, the predicted average strength 

is lower than the experimental one (𝜎𝑙𝑛 = 0.96).  

 

 All specimens 
Specimens loaded by 

uniform pressure 

 𝑒𝜇𝑙𝑛 𝜎𝑙𝑛 𝑒𝜇𝑙𝑛 𝜎𝑙𝑛 

OOP only  1.00 0.30 1.02 0.32 

IP+OOP (all drift) 1.08 0.53 0.96 0.53 

Whole database 1.03 0.42 1.00 0.43 

Table 5: Exponential of the logarithmic mean, 𝑒𝜇𝑙𝑛, and logarithmic standard deviation, 𝜎𝑙𝑛, of the ratio between 

predicted and experimental values of the OOP strength.  

 

5 CONCLUSIONS  

This study is focused on the assessment of the OOP strength of masonry infills through the yield-

line method. The method is based on the definition of kinematically compatible mechanisms and on 

the balance between external work and internal work. The main issues related with its employment 

are: 

- the assessment of the masonry flexural strengths in two orthogonal directions, which are 

required to calculate the yield moments; 

- the definition of the contact conditions between the infill and the surrounding frame;  

- the need to include the IP damage effect in the evaluation of the OOP strength. 

Concerning the first point, it is observed that the flexural strength is a parameter rarely estimated for 

infills, which are not designed to resist vertical or horizontal loads. For this reason, an attempt was 

made to correlate the flexural strength to the masonry compressive strength. Initially, experimental 

tests on wallettes were considered, but due to the fact that such tests were carried out on specimens 

under simple support conditions, an underestimation of the strength was observed. This suggested 

resort to OOP experimental tests on infilled frames, which brought to Eq. (41).  

The second and third aspects were solved by introducing two coefficients, 𝛾𝑎 and 𝛾𝑏, to express the 

yield moments at the infill-frame interfaces as functions of the yield moment of masonry in the 

horizontal direction. The factor 𝑘 (Eq. (26)) was also introduced to control the contribution of the 

first crack to the internal work. The modified yield line equations were obtained (Appendix A) and 

experimental tests on infilled frames used to calibrate the model coefficients. In the proposed model, 

the presence of previous IP damage is taken into account by a reduction factor, 𝑅𝐼𝑃, which depends 

on the IDR and is applied to 𝛾𝑎  and 𝛾𝑏 , i.e. to the yield moments at the infill-frame contact. 
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However, for IDR greater than 1%, the model overestimates, on the average, the strength, while for 

smaller IDR it is adequate to reproduce the strength provided the values reported in Table 3 and Eq. 

(41) to (43) are used for the involved parameters. 

In conclusion, the equations reported in Appendix A are proposed to extend the yield-line method, 

already adopted for masonry walls, to infills subjected to OOP lateral loads. Such equations provide 

their OOP strength, to be used in local assessments of infills in both new and existing buildings. By 

using the proposed formulas, different situations can be considered, for example the presence of a 

top or lateral gap or the occurrence of a weaker or stronger infill-frame bond. In addition, the 

presence of previous IP damage can be accounted for through the factors 𝑘 and 𝑅𝐼𝑃. Finally, it is 

worth mentioning that, even though the method stems from a mechanical approach, experimental 

data were used to calibrate the involved coefficients empirically.  
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Appendix A 

Equations of the minimum collapse load, 𝑞, for panels of different boundary conditions 

 

In this Appendix equations of the minimum collapse load, 𝑞, are obtained by the application of the 

yield-line method to infill walls taking into account the specific contact conditions that may develop 

between the masonry and the surrounding frame elements. The collapse load equations are given in 

general form for three groups: G1 panel supported along four edges; G2 and G3 panel supported 

along three edges, as shown in Figure A1. Possible collapse mechanisms are shown in Figure A2. 

Equations of 𝑞 and 𝛽 are reported in Table A1. For each boundary condition, the collapse load, 𝑞, is 

the minimum obtained from two different collapse mechanisms (Figure A2).  

 

 

Figure A1: Different boundary conditions: G1 = panel supported along four edges; G2 = panel supported along three 

edges and free at the top; G3 = panel supported along three edges and free at one vertical edge. 
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(a) 

 

(b) 

(c) (d) 

(e) (f) 

Figure A2: Yield-line patterns, under the assumption of rigid plate rotations about yield-line boundaries: a) and b) 

possible collapse mechanisms for a panel supported along four edges; c) - d) possible collapse mechanisms for a panel 

supported along three edges and free at the top; e) and f) possible collapse mechanisms for a panel supported along 

three edges and free at one vertical edge. 
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Group and 

collapse 

mechanism  

(Figures A1, A2) 

Equations of 𝒒 and 𝜷  

Group G1, 

mechanism in 

Figure A2a 

 

𝑞 =
12𝑚2(𝑟2 + 2𝛽𝑘𝜇 + 4𝛽2(1 − 𝑘)𝜇 + 𝑟2γ𝑎𝜇 + 2𝛽γ𝑏𝜇)

𝑟2𝑙2𝛽(3 − 2𝛽)
 (A1) 

𝛽 =
−(1 + γ𝑎 𝜇)𝑟2 + 𝑟 √(1 + γ𝑎𝜇)(𝑟2 + 3(3 − 2𝑘)𝜇 + 𝑟2γ𝑎𝜇 + 3γ𝑏𝜇)

2𝜇(3 − 2𝑘 + γ𝑏)
≤ 0.5 

(A2) 

Group G1,  

mechanism in 

Figure A2b 

 

𝑞 =
12𝑚2(2𝑟2𝛽𝑘 + 𝜇 + 4𝑟2𝛽2(1 − 𝑘) + 2𝑟2𝛽γ𝑎𝜇 + γ𝑏𝜇)

𝑟2𝑙2𝛽(3 − 2𝛽)
 (A3) 

𝛽 =
−(1 + γ𝑏)𝜇 + √(1 + γ𝑏)(3𝑟2𝜇(3 − 2𝑘) + 𝜇2 + 3𝑟2γ𝑎𝜇2 + γ𝑏𝜇2)

2𝑟2(3 − 2𝑘 + γ𝑎𝜇)
≤ 0.5 

(A4) 

Group G2,  

mechanism in 

Figure A2c

 

𝑞 =
6𝑚2(2𝑟2 + 2𝛽2𝜇 + 2𝑟2γ𝑎𝜇 + 𝛽γ𝑏𝜇)

𝑟2𝑙2𝛽(3 − 2𝛽)
 (A5) 

𝛽 =
−2(1 + γ𝑎𝜇) 𝑟2 + 𝑟√(1 + γ𝑎𝜇)(4 𝑟2 + 9𝜇 + 4 𝑟2γ𝑎𝜇 + 3γ𝑏𝜇)

𝜇(3 + γ𝑏)
≤ 0.5 

(A6) 

Group G2,  

mechanism in 

Figure A2d

 

𝑞 =
6𝑚2(4𝑟2𝛽2(1 − 𝑘) + 𝜇 + 4𝑘𝑟2𝛽 + 4𝑟2𝛽γ𝑎𝜇 + γ𝑏𝜇)

𝑟2𝑙2𝛽(3 − 𝛽)
 (A7) 

𝛽 =
−(1 +  γ𝑏) 𝜇 + √(1 + γ𝑏)(12 𝑟2𝜇(3 − 2𝑘) + 𝜇2 + 12 𝑟2γ𝑎𝜇2 + γ𝑏𝜇2)

4𝑟2(3 − 2𝑘 + γ𝑎𝜇)
≤ 1.0 

(A8) 

Group G3,  

mechanism in 

Figure A2e 

 

𝑞 =
6𝑚2(𝑟2 + 4𝛽2𝜇 + 𝑟2γ𝑎𝜇 + 4𝛽γ𝑏𝜇 + 4𝛽𝑘𝜇 − 4𝛽2𝑘𝜇)

𝑟2𝑙2𝛽(3 − 𝛽)
 (A9) 

𝛽 =
−(1 + γ𝑎𝜇) 𝑟2 + 𝑟√(1 + γ𝑎𝜇)( 𝑟2 + 𝑟2γ𝑎𝜇 + 36𝜇 + 12γ𝑏𝜇 − 24𝑘𝜇)

4𝜇(3 + γ𝑏 − 2𝑘)
≤ 1.0 

(A10) 

Group G3, 

mechanism in 

Figure A2f 

 

𝑞 =
6𝑚2(2𝑟2𝛽2 + 2𝜇 + 𝑟2𝛽γ𝑎𝜇 + 2γ𝑏𝜇)

𝑟2𝑙2𝛽(3 − 2𝛽)
 (A11) 

𝛽 =
−2(1 + γ𝑏)𝜇 + √(1 + γ𝑏)(4𝜇2 + 4𝜇2γ𝑏 + 9𝑟2𝜇 +  3γ𝑎𝑟2𝜇2)

𝑟2(3 + γ𝑎𝜇)
≤ 0.5 (A12) 

𝑞 = collapse load; 𝜇 = 𝑓𝑥1 𝑓𝑥2⁄  = orthogonal ratio, 𝑚2 = yield moment about the vertical direction (Figure 2), 𝑟 = wall 

aspect ratio, 𝑘 = parameter that takes into account the contribution of the first crack to the internal work (for 𝑘 = 1 the 

first crack is taken into account, for 𝑘 = 0 it is totally disregarded); 𝛾𝑎 = 𝑚𝑎 𝑚1⁄  and 𝛾𝑏 = 𝑚𝑏 𝑚1⁄ , proposed values are 

reported in Table A2. 

Table A1: Equations of 𝑞 and 𝛽.  
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Wall support 

condition 

(Figure A1) 

𝒒 𝜸𝒂 𝜸𝒃 
 Wall support 

condition 

Annex E of 

[46]  RC
(1)

 CM
(2)

 Steel
(3)

 RC
(1)

 CM
(2)

 Steel
(3)

 

G1_I min {Eq. A1, 

Eq A3} 

1 1 𝜇⁄  0 1 1 0 I 

G1_II 0 0 0 0 0 0 E 

G2_I 
min {Eq. A5, 

Eq A7} 

1 1 𝜇⁄  0 1 1 0 D 

G2_II 1 1 𝜇⁄  0 0 0 0 C 

G2_III 0 0 0 0 0 0 A 

G3_I 

min {Eq. A9, 

Eq A11} 

1 1 𝜇⁄  0 1 1 0 - 

G3_II 0 0 0 1 1 0 - 

G3_III 1 1 𝜇⁄  0 0 0 0 K 

G3_IV 0 0 0 0 0 0 J 

(1)
 RC = Reinforced Concrete frame, 

(2) 
CM = Confined Masonry, 

(3) 
Steel = Steel frame 

Table A2: Equations of 𝑞, 𝛾𝑎 and 𝛾𝑏 for panels with different boundary conditions.  

 

 


