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Abstract: 

 

In this paper, by using a finite element model, the in-plane drift effect on the out-of-plane 

behavior of the infilled frame with weak infill walls has been calculated. Therefore, the out-of-

plane and in-plane interaction for infill walls of different slenderness/aspect ratios, bond 

tension strengths and separated gap types, has been evaluated. The results are shown that 

infill walls having full contact at the top of the wall but isolated from columns have larger out-

of-plane capacities than those isolated from beam and columns. However, infill walls having 

full contact at the top are more vulnerable to in-plane drifts. Also, the effect of the in-plane 

drift on the out-of-plane capacity of the separated infill wall can be noticeable. The results are 

indicated the out-of-plane capacity of the separated infill wall has been found to be inversely 

proportional to slenderness ratio and aspect ratio values and directly proportional to bond 

tension strength.  

D 

1. Intruduction 

In recent earthquakes, serious damage of many masonry 

infill walls was reported. Most of the losses occurred were 

due to out-of-plane collapse of masonry infill walls. Thus, 

the main objective of the present paper is to obtain further 

knowledge of the out-of-plane response of masonry infill 

walls in order to prevent such losses. Although this kind of 

behavior has been investigated extensively, many areas 

remained vague. The correlation between the in-plane and 

out-of-plane infill response is one of areas that has not been 

fully investigated in the past.  

Early methods for analyzing infill walls subjected to 

out-of-plane loads were generally either based on elastic 

methods or some type of yield line analysis. Although 

elastic methods are valid up to cracking, at ultimate the 

predominant out-of-plane resisting mechanism is arching. 

As the infill wall deforms after cracking, in-plane 

membrane forces occur in the masonry, and the infill wall 

exhibits an arching type of behavior.  
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The out-of-plane capacity was directly related to bond 

tension strength and slenderness ratio by the several 

references [1], [2] and [3]. Several methods were 

developed to compute the out-of-plane lateral capacity of 

masonry infill walls based on arching. Dawe et al. [4] 

method developed an empirical method for concrete 

masonry infill walls. In this method, the arching action of 

the wall was incorporated and varying stiffness assigned to 

the bounding frame. Angel et al. [5] concluded that the out-

of-plane strength of the infill is affected by the slenderness 

ratio, the compressive strength of the infill and the 

reduction of the out-of-plane capacity due to in-plane 

displacements. Klingner et al., [6] developed the other 

analytical method based on two-way arching. Also, 

Flanagan and Bennett [7] concluded that the out-of-plane 

capacity is dependent on several parameters. In this paper, 

the out-of-plane capacity has been depended on the bond 

tension strength and the slenderness ratio.  

In the sequential testing performed by Calvi et al. [8], 

the out-of-plane capacity of the infill wall was measured as 

a function of prior in-plane damage. Agnihotri et al. [9] 

studied the effect of effective parameters on in-plane and 

out-of-plane interaction curve. On the other hand, 

Dolatshahi et al. [10] evaluated the response of a masonry 

infill wall under different loading directions simulating 

various participation of the in-plane and the out-of-plane 

response. The out-of-plane loading was assumed to have 

https://us-mg5.mail.yahoo.com/compose?to=A.keyvani@bhrc.ac.ir
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originated from the roof drifts. In addition, to show the in-

plane and out-of-plane interaction of the wall, first, various 

in-plane displacements were applied at the top of the wall. 

Then, the out-of-plane strength reduction due to in-plane 

damages was determined. Other tests were carried out later 

by Hak et al., [11], Akhoundi et al. [12], and Furtado et al. 

[13]. These papers are concluded that the out-of-plane 

capacity of infill walls is reduced with the increase of in-

plane demands. Al-Chaar [14] included these effects. More 

recently, Verlato et al. [15] examined two enclosures. 

Enclosures were first cyclically tested in the in-plane 

direction until 2.4% drift and then monotonically tested in 

the out-of-plane direction. As reference, two partial 

enclosures were first tested in the out-of-plane direction 

and then, after removal of damaged enclosures, the 

remaining reinforced concrete frame was tested in the in-

plane direction until 3.0% drift. In recent years, this 

concept has been represented using strength and dis-

placement interaction curves [16], [17]. These curves were 

determined using both experimental and numerical tests on 

infill walls.  

In above mentioned studies, the sequence of applying 

the in-plane and the out-of-plane loads are different from 

one study to the other. In this paper, and to investigate the 

out-of-plane strength reduction, the infilled frame with 

weak infill wall has been pushed to the required in-plane 

displacement. Then, the out-of-plane strength of the infill 

wall has been measured by applying a uniform increasing 

pressure on the infill wall until collapse. Though the out-of-

plane stability of infill walls under seismic loading is a 

dynamic problem, the present paper has presented this 

behavior in a simplistic manner by applying monotonically 

increasing out-of-plane pressure.  

Furthermore, the effect of separating gap between the 

infill wall and the frame on the out-of-plane behavior of the 

infilled frames was investigated by different researchers 

[4], [18], [19], [20]. In this paper, two following alternative 

systems with separating gaps have been suggested in this 

paper: 

1) A system with a complete decoupling of the infill 

wall from beam and columns with suitable mechanical 

connectors.  

2) A system with full contact at the top of the infill wall 

and decoupled columns with suitable mechanical 

connectors 

To have better understanding of the out-of-plane 

behavior of infill walls with prior in-plane damage, the out-

of-plane capacity of the two systems mentioned above has 

been investigated to evaluate their out-of-plane capacity for 

varying degree of in-plane damage. This has been carried 

out for infilled frame with weak infill wall of different in-

plane drifts, aspect ratios, bond tensile strengths, and 

different slenderness ratios. 

Numerically, both the macro and the micro-models have 

been used in the past. Most authors preferred to use the 

simplified macro-models rather than the more-complex 

micro-models because of computational limitations. This 

concept has been advanced by Mosalam et al. [21] by 

refining and implementing a previous proposal by 

Kadysiewski et al. [22]. Recently, Furtado et al. [23] 

developed a similar macro-model based on a two-diagonal 

infill wall model.  

In Keyvani and Mahdi [32], the useful micro finite 

element model has been presented. In this research, the 

brittle cracking model has been used. This method can be 

used to study the out-of-plane behavior with prior in-plane 

damage of weak infill walls. Therefore, Keyvani and 

Mahdi [32] procedure has been used for this present paper. 

 

2. Modeling concept  

2.1 Overall simulation approach 

The general purpose finite element program ABAQUS [24] 

has been used in this paper. The masonry infilled frame has 

been idealized by a three dimensional simulation model 

consists of a steel frame connected by contact elements to 

the masonry infill wall. The infill wall itself has been 

modeled using the “Simplified Micro” model 

 

2.2 Modeling of the steel frame 

The columns and beam have been modeled by using the 3D 

solid element (C3D8). The nonlinear material behavior of 

steel has been described by means of the 

isotropic/kinematic model which has been provided in 

ABAQUS [24]. This model requires the definition of 

stress-strain curves to be assigned with plasticity 

parameters. A detailed description of the plasticity 

parameters and their selection is given in Jia.L.J et al. [25] 

as following: 

 

Table.2: Mechanical properties of steel material 

Equivalent Stress at First 

Plastic Yield 

Hardening Parameter 

Kinematic Isotropic 

δ0 C γ Q 

MPa MPa - MPa 

255.9 1617.2 10.7 227.8 

 

2.3 Modeling of the masonry infill wall 

The modeling of the masonry has been carried out by using 

the “Simplified Micro” model, in which an explicit 

idealization of the mortar joints has been prevented. 

According to this model, the properties of the mortar and 

the unit/mortar interface have been lumped into a common 

interface element, while expanded elements have been used 

to represent the masonry units. These units have been 

modeled by homogenous solid elements (C3D8). 

Based on unit type, it is accepted that a masonry unit 

exhibits two primary models of behavior; (1) tensile brittle 

behavior, (2) compressive ductile behavior [32]. The 

tensile brittle behavior is associated with tension fracture 

mechanism. In according to Keyvani and Mahdi [32], the 
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hollow blocks have the tensile brittle behavior and the 

“Brittle Crack” model of ABAQUS [24] can be used. 

However, despite elastic behavior of compression, Keyvani 

and Mahdi [32] presented reliability of “Brittle Crack” 

model for hollow block. 

The isolated gap between frame members and infill wall 

has been modeled by the interface element. The interface 

element is capable of simulating both separation and slip. 

When the surfaces of the frame members and infill wall are 

in contact, it incorporates shear resistance along its 

interface. There is generally a relationship between this 

shear resistance and normal stress on the interface. In his 

paper, the geometrical distance between the column/beam 

flange and the infill wall has been modeled according to its 

actual dimension. 

Tensile and compression strengths of masonry units 

have been extensively investigated by many researchers 

[26], [27] and [28]. Generally, it can be stated that the 

tensile strength is around 10% of the compressive strength, 

and it is in the range of 1.5MPa–3.5MPa. On the other 

hand, the compressive strength of masonry units is around 

10MPa–40MPa. Also, based on Moustafa [29], the 

elasticity module of masonry prism is between 1100MPa 

and 2500MPa.  

In this study, based on previous experimental work [30], 

the tensile strength, the compressive strength and the 

elasticity modulus has been chosen as 1.5MPa, 15MPa and 

1500MPa respectively. The mechanical properties of brittle 

cracking are illustrated in Table 2. 

 
Table.3: Mechanical properties of brittle cracking model 

Tensile 

strength 

Shear  

strength 

Elasticity 

module 

ft fc E 

MPa MPa MPa 

1.5 15 1500 

 

The joint between the individual units has been simulated 

by using interface elements (COH3D8), that enable the 

transmission of compressive stresses as well as tensile and 

adhesive shear stresses until the maximum strength is 

reached. Since the head joints are usually not filled with 

mortar, the load transfer is directly limited to the bed joints. 

Furthermore, after exceeding the adhesive shear stresses in 

the bed joints, only compressive stresses and frictional 

forces are transmitted between the single units. The 

mechanical properties of the interface elements suggested 

by Lourenco [31] are given in Table 3. 

 

 

 

 

 

Table.4: Mechanical properties of interface model 

Tensile strength Shear strength 

ft fs 

MPa MPa 

0.16 0.224 
  

Fraction energy Fraction energy 

GI GII 

N.mm/mm2 N.mm/mm2 

0.012 0.05 
  

Tensile stiffness Shear stiffness 

Kt Ks 

N/mm3 N/mm3 

110 50 

 

3. Numerical modeling verification 

In Keyvani and Mahdi [32], the numerical analysis of 

masonry infill walls has been validated against the 

experimental results. These experimental results have been 

tested at the Structural Department Laboratory of Road, 

Housing, and Urban Development Research Centre 

(BHRC), Tehran, Iran and have been reported by Keyvani 

and Mahdi [30]. This research has been shown 

approximately similar behaviors of the numerical and 

experimental results. 

Therefore, it can be concluded that the present analysis 

is generally capable of simulating the behavior of the 

experimental infill wall. Also, it can be seen from this 

verification procedure that the “Brittle Cracking” (BK) 

model is able to capture the cracking pattern in the hollow 

blocks of an infill wall. Furthermore, by modeling the 

joints between individual units by interface elements, the 

compressive stresses as well as tensile and bond shear 

stresses between the units are reasonably represented. 

Generally, the finite element model developed in Keyvani 

and Mahdi [32] has been found effective in predicting the 

behavior of infill walls. 

 

4. Numerical simulation 

As discussed before, the out-of-plane capacity can be 

significantly reduced due to prior in-plane damage. To 

investigate this behavior, a finite element model has been 

used to generate interaction curves that depict the variation 

of out-of-plane capacity of weak infill wall with varying in-

plane damage.  

In this paper, according to Keyvani and Mahdi [32], two 

types of separated gap have been used. Thus, specimens 

can be classified into two major categories and as follows:    

1) Infilled steel frames having masonry infill walls and 

isolated from the upper beam and columns, as shown in 

Figure 1. 

2) Infilled steel frames having masonry infill walls that 

are in full contact at the top of the wall but isolated from 

columns, as shown in Figure 1.  

In all these specimens, the frames are one-story, one-bay 

moment-resisting steel frames. The heights of infill walls 

http://abaqus.software.polimi.it/texis/search/hilight2.html/+/stm/ch04s05ath121.html?CDB=v6.13#stmmode1-cracking
http://abaqus.software.polimi.it/texis/search/hilight2.html/+/stm/ch04s05ath121.html?CDB=v6.13#stmmode1-cracking
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are chosen in the range of 2 to 3 m, the span is kept 

constant at 3 m, and the thickness in the range of 100 to 

200 mm. To have better understanding of their behaviors, 

different values for slenderness ratios, aspect ratios, and 

bond tension strengths are selected. The surrounding steel 

moment-resisting steel frames are selected too strong in 

relation to the infill wall. The properties of these specimens 

are shown in Tables 4 and 5. 

 

Table. 4: Specification of specimens with 3side separated infill 

Cohesion Gap(mm) t L H 
Sample Name 

MPa Column Beam  mm  mm  mm 

0.16 

0.10 

0.07 

20 20 150 3000 3000 
N1 

C1,C2,C3 

0.16 

0.10 

0.07 

20 20 100 3000 3000 
N3 

C1,C2,C3 

0.16 

0.10 

0.07 

20 20 200 3000 3000 
N5 

C1,C2,C3 

0.16 

0.10 

0.07 

20 20 150 3000 2000 
N7 

C1,C2,C3 

0.16 

0.10 

0.07 

20 20 100 3000 2000 
N9 

C1,C2,C3 

0.16 

0.10 

0.07 

20 20 200 3000 2000 
N11 

C1,C2,C3 

 

Table. 5:Specification of specimen with 2side separated infill 

 

 

 

 

a. Three side separated detail 

 

 

b. Two side separated detail 

Fig. 1: two and three side separated detail 

 

Figures 2 to 9 show the out-of-plane capacity of infill walls 

due to initial in-plane drifts of 0%, 0.5%, 1.0%, 1.5% and 

2.0%. It is clear from these figures that the out-of-plane 

capacity of infill wall is reduced by the in-plane drift.  

 

 

 
Fig. 2: The out-of-plane load-displacement curve for N1 

Cohesion Gap(mm) t L H 
Sample Name 

MPa Column Beam mm mm mm 

0.16 

0.10 

0.07 

40 0 150 3000 3000 
N2 

C1,C2,C3 

0.16 

0.10 

0.07 

40 0 100 3000 3000 
N4 

C1,C2,C3 

0.16 

0.10 

0.07 

40 0 200 3000 3000 
N6 

C1,C2,C3 

0.16 

0.10 

0.07 

40 0 150 3000 2000 
N8 

C1,C2,C3 

0.16 

0.10 

0.07 

40 0 100 3000 2000 
N10 

C1,C2,C3 

0.16 

0.10 

0.07 

40 0 200 3000 2000 
N12 

C1,C2,C3 
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Fig. 3: The out-of-plane load-displacement curve for N3 

 

 
Fig. 4: The out-of-plane load-displacement curve for N5 

 

 
Fig. 5: The out-of-plane load-displacement curve for N7,N9,N11 

 

 
Fig. 6: The out-of-plane load-displacement curve for N2 

 

 
Fig. 7: The out-of-plane load-displacement curve for N4 

 

 
Fig. 8: The out-of-plane load-displacement curve for N6 
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Fig. 9: The out-of-plane load-displacement curve for N8,N10,N12 

 

For a typical infill wall subjected to in-plane and out-of-

plane forces, the effect of in-plane drift on out-of-plane 

capacity for N1-C1 and N2-C1 is shown in Figure 10. As 

shown in this figure, the infill wall having full contact at 

the top of the wall but isolated from columns (N2-C1) has 

larger out-of-plane capacities than it isolated from beam 

and columns (N1-C1). However, infill walls having full 

contact at the top are more sensitive to in-plane drifts.  

 

 
Fig. 10: Variation of out-of-plane capacity with in-plane drifts 

(N1 and N2) 

The effect of in-plane drift on out-of-plane capacity for N1-

C1 and N7-C1 is shown in Figure 11. As shown in this 

figure, the two meter infill wall (N7-C1) has larger out-of-

plane capacities than three meter infill wall (N1-C1). 

 
Fig. 11: Variation of out-of-plane capacity with in-plane drifts 

(N1 and N7) 

To compare the behavior at various in-plane drift levels, the 

out-of-plane pressure is normalized with the undamaged 

capacity of the wall. Thus, for each in-plane drift a 

corresponding out-of-plane bearing is obtained and an 

interaction curve is generated by plotting these values 

obtained for various in-plane drifts. An interaction curve 

obtain for the in-plane reduction factor is shown in Figures 

12 to23.   

 
Fig. 12: The reduction factor as a function of in-plane drifts (N1) 

 

 
Fig. 13: The reduction factor as a function of in-plane drifts (N3) 

 

 
Fig. 14: The reduction factor as a function of in-plane drifts (N5) 

 

 
Fig. 15: The reduction factor as a function of in-plane drifts (N7) 
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Fig. 16: The reduction factor as a function of in-plane drifts (N9) 

 

 
Fig. 17: The reduction factor as a function of in-plane drifts (N11) 

 

 
Fig. 18: The reduction factor as a function of in-plane drifts (N1) 

 

 
Fig. 19: The reduction factor as a function of in-plane drifts (N1) 

 

 
Fig. 20: The reduction factor as a function of in-plane drifts (N1) 

 

 
Fig. 21: The reduction factor as a function of in-plane drifts (N1) 

 

 
Fig. 22: The reduction factor as a function of in-plane drifts (N1) 

 

 
Fig. 23: The reduction factor as a function of in-plane drifts (N1) 

 

In Figures 12 to23, the out-of-plane capacities have been 

normalized against the peak capacities (undamaged 

capacity) of the wall, i.e., the capacity of the wall at each 

in-plane drift is divided by the undamaged capacity of the 

wall. When the infill wall is subjected to in-plane loads, no 

reduction is observed up to the isolated gap distance. After 

this distance, significant reduction has been observed in the 

out-of-plane capacity. At higher in-plane drifts, the infill 
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wall experiences considerable damage and reached its 

residual capacity in out-of-plane direction.  

According to Figures24 to 29, this reduction factor is 

slightly dependent to the bond tension strength. 

Furthermore, Figures 30 and 31 show that slenderness ratio 

has little effect on the reduction factor. On other hand, 

Figures 32 to 37 show that aspect ratio has significant 

effect on the reduction factor.  

 
Fig. 24: The reduction factor as a function of in-plane drift and 

bond tension strength (N1) 

 

 
Fig. 25: The reduction factor as a function of in-plane drift and 

bond tension strength (N2) 

 

 
Fig. 26: The reduction factor as a function of in-plane drift and 

bond tension strength (N3) 

 

 

 

 
Fig. 27: The reduction factor as a function of in-plane drift and 

bond tension strength (N4) 

 

 
Fig. 28: The reduction factor as a function of in-plane drift and 

bond tension strength (N5) 

 

 
Fig. 29: The reduction factor as a function of in-plane drift and 

bond tension strength (N6) 

 

 
Fig. 30: The reduction factor as a function of in-plane drift and 

slenderness ratio(N2,N4,N6) 
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Fig. 31: The reduction factor as a function of in-plane drift and 

slenderness ratio(N1,N3,N5) 

 

 
Fig. 32: The reduction factor as a function of in-plane drift and 

aspect ratio(N1,N7) 

 

 
Fig. 33: The reduction factor as a function of in-plane drift and 

aspect ratio(N2,N8) 

 

 
Fig. 34: The reduction factor as a function of in-plane drift and 

aspect ratio(N3,N9) 

 

 
Fig. 35: The reduction factor as a function of in-plane drift and 

aspect ratio(N4,N10) 

 

 
Fig. 36: The reduction factor as a function of in-plane drift and 

aspect ratio(N5,N11) 

 

 
Fig. 37: The reduction factor as a function of in-plane drift and 

aspect ratio(N6,N12) 

 

5. Conclusions 

The out-of-plane behavior of separated infill walls with 

prior in-plane drift has been investigated using FE analysis. 

In this paper, infill walls with isolated gaps have been used 

inside the frames. In dealing with the out-of-plane 

resistance of infill walls, those having full contact at the top 

but isolated from columns have shown higher capacities 

than those isolated from beam and columns. The 

correlation between the in-plane and out-of-plane loadings 

has been investigated. Interaction curves were generated 

for out-of-plane capacity of separated infill walls subjected 

to various in-plane damage levels. Significant effect of the 

in-plane drift has been observed on the out-of-plane 

capacity of the separated infill wall and such effect can be 

quite noticeable when severe in-plane drift has occurred. In 

such cases, the out-of-plane capacity can be reduced to 

about one-fifth of its undamaged capacity.  
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The out-of-plane capacity of the separated infill wall has 

been found to be inversely proportional to slenderness ratio 

and aspect ratio values and directly proportional to bond 

tension strength. Furthermore, the maximum reduction in 

the out-of- plane capacity of cracked infill walls has been 

found to be dependent on the slenderness ratio and the type 

of the isolated gap 
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