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Abstract

Masonry infill walls in multi-story buildings are intended to function as envelope and 
partition walls, and without sufficient gaps between the infill and the frame, the infill 
tends to contribute to lateral seismic load resistance, which can lead to damage. By iso-
lating the infill walls from the frame, vulnerability to damage will be reduced; however, 
the potential benefit from the strength and stiffness of the infill walls will be lost too. The 
compromise solution seems to be a controlled engagement of the masonry infill walls by 
employing a structural fuse concept. In this chapter, initially, a review of the literature 
on seismic performance of masonry infill walls is presented. This is then followed by 
explanation of the concept of the masonry infill structural fuse. Then a discussion on 
experimental tests carried out on different types of fuse elements as well as ¼ scale speci-
men of frame and infill walls with fuse elements is presented. Finally, the results of finite 
element computer modeling studies are discussed. The study has found that the concept 
of using structural fuse elements as sacrificial components in masonry construction is 
practical and can be given consideration for more refined design and detailing toward 
practical application.

Keywords: masonry, infill, seismic, fuse, modeling

1. Introduction

Masonry bearing wall systems were the predominant structural systems prior to the use of 
framed structures. Once steel and concrete framing systems replaced bearing wall systems, 
especially for multistory buildings, masonry walls were then used as infill walls (Figure 1) to 
provide the envelope and partition wall functions. Besides such functions, the role of masonry 
infill walls in seismic resistance of buildings has long been well recognized. In fact, because of 
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participation of masonry infill walls in resisting lateral seismic loads, infill walls and/or their 
framing systems can sustain damage with life-safety hazard potential [1, 2].

Traditionally, masonry infill walls are specified by architects as exterior envelope walls, backup 
walls for veneer systems, or interior partition walls. Such construction does not carry gravity 
load from floors and only carries its own weight. Depending on the details of joints between 
the edges of infill walls and infilled frames, the interaction between the infill wall and frame can 
adversely affect the seismic behavior of the structure (e.g., [3, 4]). In most cases, the small gaps 
between the infill wall and the structural frame are infilled with caulking and in some cases 
with mortar [5]. This tight-fit construction (Figure 2) engages the infill wall in in-plane lateral 
load resistance [6]. Depending on whether the wall is solid (complete infill) or the existence 
of large openings that make the infill wall partial infill, the wall’s interaction with confining 

Figure 1. Examples of masonry infill wall in a reinforced concrete frame building [Photo by Ali M. Memari].

Figure 2. Example of a tight-fit masonry infill wall construction [Photo by Ali M. Memari].
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frames could possibly lead to premature column failure as a result of short column effect or to 
increased levels of ductility demand in columns. Furthermore, because these tight-fit infill walls 
essentially behave as shear walls, their distribution in plan could increase torsional moments 
and create structural irregularities, if not placed symmetrically. The manner infill walls resist 
lateral loads is much like a compression brace, and the cyclic interaction of this effective brace 
with structural frame connection may lead to either the failure in the masonry and/or damage 
to the beam-column connection. Tight-fit construction of infill walls, whether of partial height 
or full height can lead to extensive damage to walls, columns, or beam-column joints. Besides 
the life-safety hazard that such damage will pose, in terms of financial loss, infill wall damage 
and subsequent repair/replacement work can seriously challenge building owners and tenants.

In order to avoid damage to infill walls, columns, or joints, the use of gaps between the infill 
wall and the frame is one alternative as shown in Figures 3 and 4. Providing gaps between the 
infill wall and the confining frame is a building code requirement (e.g., [7]) if the infill wall is 
not designed as part of the lateral force-resisting system, that is, if it is a nonparticipating infill. 
On the other hand, if the in-plane isolation joints are not large enough to satisfy the conditions 

Figure 3. Example of partition infill wall isolated from the frame with small gaps: (a) beam-column joint area and (b) gap 

between column and infill wall [Photo by Ali M. Memari].

Figure 4. Use of large gaps between infill backup wall and frame in a Seattle building: (a) view of several stories of the 

building and (b) close-up view of gaps between column and infill walls [Photo by Ali M. Memari].
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for nonparticipating infills, then the infill wall is considered as part of the primary lateral force-
resisting system, that is, participating infill, and it must be designed as a shear wall, which 
complicates design and construction and is not typically desirable by designers. For isolation of 
infill walls, small gaps (e.g., 9.5 mm–12.7 mm) are usually provided, which are then filled with 
caulking or other deformable fillers. Figure 3 shows an example of an infill wall construction 
with isolated joints from the frame with small gaps. In more seismically active areas, larger gaps 
are usually provided, as shown in the example of Figure 4, which shows a large gap between 
concrete masonry unit (CMU) infill wall and reinforced concrete frame. This particular infill 
wall was, however, intended to function as the backup wall for brick veneer exterior skin. In 
general, when such a gap is to be provided, the gap size should exceed the expected interstory 
drift, which is determined either by structural analysis, or as the maximum allowable value 
specified in the building code.

Providing large gaps for partition wall applications will cause its own challenging issues with 
respect to fire safety and sound transmission issues for which the architect and designers 
should recommend appropriate solutions. Providing small gaps in general will not have the 
scale of the problems of large gaps. However, under moderate-to-strong earthquakes, the gap 
openings will likely approach the upper limit for story drift ratios of building codes such as 
ASCE 7–16 [8]. For instance, for a Risk Category II building with allowable story drift ratio 
of 2%, the upper limit will be nearly 75 mm for a 3750 mm story height. In that case, once 
the gap opening is overcome by the frame story drift, the columns will then bear against the 
infill wall, and under cyclic-type oscillations, the infill wall and/or frame members can sustain 
damage. It is the responsibility of the designer to assure the sufficiency of the gap size, and if it 
is desirable to keep the gap size small, the designer will have to increase the size or number of 
frame members designated as part of the lateral-force-resisting system, which could translate 
to substantial increase in construction cost.

By isolating the infill wall from the frame and avoiding their interaction in buildings with 
moment-resisting frames as their primary lateral force-resisting system, damages to infilled 
frames, failure of infill walls, and potential life-safety hazards can be avoided. However, in 
that case, the building is deprived of the potential benefit from the strength and stiffness that 
masonry infill walls can offer even if they are not designed as shear walls. It should be noted 
that even unreinforced masonry walls inherently possess considerable stiffness that can be 
properly and advantageously employed in lateral force resistance.

One shortcoming of this isolation option is that the beneficial effects of the masonry infill in 
stiffening and strengthening the structural frame system will not be employed. In general, 
since the masonry infill walls are heavy and greatly increase the effective seismic weight of 
the building, it would be logical to engage them also in lateral load resistance. However, it is 
the potential damage to these brittle components that designers wish to avoid. The compro-
mise solution seems to be a controlled engagement of the masonry infill walls by employing a 
structural fuse concept. Such an idea is based on desirability of employing beneficial effects of 
strength and stiffness of infill walls to reduce story drifts during seismic events up to certain 
controlled levels. Under strong shaking, when the interaction force between the infill wall and 
the frame exceeds a certain level, it is desirable to isolate the infill wall from the frame in order 
to avoid damage to the wall or the frame. This function is provided by using a structural fuse.
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In this chapter, preliminary studies on this concept are reviewed. Initially, the concept of 
the masonry infill structural fuse is explained. This is followed by discussion of experimen-
tal tests on different types of fuse elements. Next, the pilot experimental studies employing 
a one-fourth scale frame and infill walls with fuse are reviewed. The results of computer-
modeling studies are then presented followed by recommendations for additional follow-up 
studies that need to be undertaken.

2. Background and literature review

There has been over 60 years of research on infill walls. The following references are men-
tioned as chronological representative examples of the experimental and analytical studies 
done over the past six decades: [2, 5, 9–48]. Even after such extensive international efforts, 
there is still room for enhanced understanding and design considerations of masonry infill 
wall interaction with structural frame.

The consensus among researchers is that it is wise to use the beneficial properties of the infills 
in design if their strength and stiffness characteristics can be relied on. The masonry design 
code, ACI 530–13/ASCE 5–13/TMS 402–13 [7], provides design guidelines for infill walls 

Figure 5. Use of different size gaps in a building [Photo by Ali M. Memari].
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Figure 6. Schematic representation of fuse elements in a masonry infill wall [53].

in Appendix B. The current code offers two sets of prescriptive design guidelines, one for 
masonry walls not considered participating in lateral force-resistance, and the other for walls 
that are expected to take part in lateral force resistance. For the latter group, masonry stan-
dards joint committee (MSJC) 2013 code requires these walls to be designed as shear walls, 
which necessitates use of sufficient reinforcement and detailing to satisfy in-plane and out-of-
plane flexural and shear effects. According to the code, for the former group B2.1.1: In-plane 

isolation joints shall be designed between the infill and the sides and top of the bounding frame., B2.1.2: 
In-plane isolation joints shall be specified to be at least 3/8 in. (9.5 mm) wide in the plane of the infill, 
and shall be sized to accommodate the design displacements of the bounding frame., B2.1.3: In-plane 
isolation joints shall be free of mortar to contain resilient material, provided that the compressibility of 
that material is considered in establishing the required size of the joint. In practice, sometimes gaps 
of different sizes are provided (most likely not by design but because of construction issues) 
between the infill and the frame as shown in Figure 5 in a building.

3. Development of a fuse element for masonry infill walls

In search of ways to find an alternative solution so that the infill wall can participate in lat-
eral load resistance and provide additional stiffness for wind loading and low-to-moderate 
seismic events, but to disengage (be isolated) under major events, a fuse concept was intro-
duced [49]. Figure 6 shows the concept of a structural fuse placed between the infill wall and 
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structural frame. The fuse element is placed as a masonry unit (or part of it). Depending on 
the fuse element material and mechanism design, it can have stiffness and damping proper-
ties and it could be a single rigid-brittle element or a rigid-ductile element.

Pilot tests were carried out to investigate the concept and the feasibility of using such a fuse for 
infill walls [50–52]. A few different materials and mechanisms were studied to develop a poten-
tially acceptable fuse element. The concept of a disk and a punching or penetrating rod was devel-
oped. In this concept, a disk of concrete or wood will be used as the breakable fuse element as 
shown in Figure 7. The fuse element types shown in Figure 7 perform in a rigid manner up to 
their punching capacity, beyond which, the interaction between the frame and the infill wall stops. 
In other words, when the fuse is installed between the top of the infill wall and the frame columns, 
the infill wall is engaged in lateral load resistance, but when the fuse breaks at the threshold 
design load of the fuse, the infill wall no longer offers resistance to lateral movement of the frame.

Another pilot study used rigid wood disks on a one-fourth scale three-story two-bay frame as 
shown in Figure 8. The pilot study investigated a rigid fuse element that worked only under 
compression. Figure 8 shows how a wood disk breaks when its ultimate capacity is reached. 
The size of the gap between the infill walls and the frame shown in Figure 8 was chosen 
for convenience of experimental study. For real applications in buildings, the fuse-holding 
mechanism will be placed in the location of an edge masonry unit, and therefore, normal gap 

Figure 7.  Rigid fuse element with concrete and wood disk alternatives: (a) concrete disk; (b) wood disk; (c) engagement 
of steel rod on concrete disk; (d) engagement of steel rod on wood disk [53].
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sizes can be used. Furthermore, the out-of-plane movement of the infill wall can be restricted 
using different available mechanisms as appropriate to a given design.

The process of pilot study leading to the test specimen shown in Figure 8 consisted of initially 
developing load-deformation relations for isolated disk element to obtain the average capaci-
ties. Then isolated masonry walls were tested under in-plane shear loading to determine their 
capacities. Finally, the fuse disks were chosen such that they will break prior to masonry infill 
shear capacity. The detail of the experimental study is explained in Ref. [53]. In this chapter, only 
the computer-modeling aspect of masonry infill walls equipped with rigid-brittle structural 
fuse elements is presented. The objective of this chapter is to discuss development of a finite 
element model for the system (infill-fuse-frame) and validate it by using the results of tests on 
masonry infill walls (without fuse) available in the literature. In the process of  developing the 

Figure 8. Test results on one-fourth scale frame and infill wall with wood disk fuses: (a) one-fourth scale experimental 
setup; (b) steel rod tightened against wood fuse; and (c) steel rod puncturing wood fuse [53].
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finite element modeling, initially a single-bay, single-story steel frame with tightly fitted infill 
wall that has been studied by others was modeled. Once the single-bay, single-story model 
was validated using existing literature results, the model was subjected to monotonic push-
over loading as well as cyclic loading under different load-control and displacement-control 
parameters. The presentation also includes discussion of a parametric study. Practical design 
approaches and guidelines for masonry infill walls equipped with the proposed structural fuse 
element and variation of masonry type for the fuse concept are presented in Refs. [54, 52].

4. Development of the finite element model for fuse-equipped infill 
wall

In the finite element model, material nonlinearities were considered because of nonlinear 
moment-rotation and force-deformation responses of steel frame connections, equivalent 
infill wall struts, tie-down anchors, and the fuse element. Large deformation and geometrical 
nonlinearities existed due to movements and contact between infill wall and frame. In this 
study, ANSYS finite element analysis program [55] was employed. Five different finite ele-
ment types from ANSYS element library were used for modeling. The uniaxial BEAM3 ele-
ment with compression, tension, and bending modeling capabilities was used to model the 
frame members. PLAIN42 element was used to model the masonry infill wall. CONTACT12 
element was employed to model the interaction between infill and frame, and COMBIN39 
spring element was considered to model the diagonal strut representing the masonry infill 
and rotational spring representing beam-column joint. Finally, COMBIN40 element was used 
to model the proposed structural fuse component.

To model a bare steel frame, BEAM3 element with three degrees of freedom (two translations 
and one rotation) at each node was used. PLAIN42 element with four nodes and two transla-
tional degrees of freedom per node was used as a plane stress element to model the infill wall. 
COMBIN39 element with two nodes and with up to three translational degrees of freedom per 
node can be used as a unidirectional element (e.g., uniaxial compression-tension element or 
purely rotational spring). The longitudinal option with two degrees of freedom per node was 
used to model the diagonal struts to represent effective infill and also tie-down rebars. The rota-
tional option was used to represent the frame’s beam-column connection. CONTACT12 element 
with two nodes and two translational degrees of freedom at each node was considered to model 
a gap between two surfaces, which can be in compression contact or at no contact and may also 
slide relative to each other considering Coulomb friction. This element was used to model the 
interaction between infill wall and frame when equipped with fuse. When there is interaction 
between the two surfaces, the normal stiffness and tangential (shear) stiffness may be active. A 
negative normal force represents contact between the two surfaces through a linear spring, while 
a positive normal force means lack of contact. On the other hand, when there is a negative force 
and the tangential force is less than the product of the normal force and friction coefficient, the 
two surfaces do not slide freely and are governed by the tangential spring stiffness. However, 
the two surfaces slide when the tangential force equals that product. COMBIN40 element is a 
special element to provide stiffness and damping to one side of a gap modeled in series. This 
two-node element with one degree of freedom per node (e.g., translational or rotational) can be 
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Figure 9. Load-deflection relation for single-bay, single-story system [53].

specialized for different applications by appropriate assignment of values for spring stiffness 
coefficients, damping coefficient, mass value, gap size, and a limiting sliding force.

From the result of a comprehensive review of experimental and analytical studies on infill 
wall systems [22], an appropriate specimen was chosen for development of finite element 
modeling in this work. The approach for finite element model validation consisted of initially 
modeling the bare steel frame, then adding brace elements following methods in Refs. [56] 

(single-diagonal strut model) and [57] (three-diagonal strut model). The last step in develop-
ing the model was to add fuse elements.

One of the specimens in the tests in Ref. [58] on single-bay, single-story steel frame with CMU 
infill walls (labeled WD7) was chosen for finite element modeling. The specimens selected 
are described in detail in Ref. [22]. Lateral load was applied to the frame at the top. Specimen 
WD7 [58] included CMU infill wall with standard horizontal bed joint reinforcement con-
structed without any gaps between the infill and the steel frame. Load-deflection diagram for 
the specimen is shown in Figure 9 including the bare frame and infilled frame tests. The figure 
also shows analysis results discussed subsequently.

The bare frame was modeled as shown in Figure 10(a) using the finite elements as explained 
in the previous section. The trilinear moment-rotation relationship proposed in Ref. [57] was 
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used for the beam-column joints. The load–displacement diagram for the model when sub-
jected to monotonically increasing displacement was quite close to the experimental results. 
The bare frame showed to have an initial stiffness of about 3.22 kN/m. The failure mechanism 
consisted of formation of four plastic hinges in the four beam-column connections, which are 
represented by rotational springs in the model (Figure 10(a)).

The infill wall was modeled initially using the single-diagonal strut model [56] shown in 
Figure 10(b). This was accomplished by adding a nonlinear diagonal compression strut to the 
bare frame model. However, the nonlinear rotational springs at the beam-column joint were 
substituted by frictionless hinges, in order for the diagonal strut to take the entire lateral load. 
The force-deformation model [56] was used for the strut representing the infill wall. The three-
diagonal compression strut [57] shown in Figure 10(c) was also used as a second alternative 
for infill model. The force-deformation models were developed based on equations in Ref. 
[57] using the geometry and material properties of the modeled specimen (WD7). The infilled 

Figure 10. ANSYS models for (a) bare frame; (b) infilled steel frame with single-diagonal strut model; and (c) infilled 

steel frame with three-diagonal strut model [53].
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frame models with the two types of strut models were subjected to monotonically increasing 
displacement with load-deflection plots compared to the experimental test results shown in 
Figure 9. The results of the two strut models show notable differences which is due to the 
assumptions made for force-deformation properties of the strut element. The three-diagonal 
strut model shows closer analytical results to the experimental test results.

The next step in completing the finite element model (shown in Figure 11) was to add appro-
priate fuse elements and hold-down elements. At the location of the fuse element on the col-
umns, two nonlinear rotational springs were added. The final steel frame model shown in 
Figure 11 had a total of 33 BEAM3 elements and 6 COMBIN39 elements. The masonry infill 
wall was, then, modeled with PLAIN42 elements. To model the contact between infill wall 
and steel frame, CONTACT12 elements were added at top and bottom at each side. The model 
presented also shows vertical steel rebar hold-downs modeled with COMBIN39 elements 
with tension force-deformation properties shown in Figure 12. The bottom corners of the infill 

Figure 11. ANSYS model for infilled steel frame with fuse elements [53].
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wall were assumed to be in tight fit connection with the columns to provide shear transfer. 
The micro infill wall modeling required 396 PLAIN42 elements, 27 CONTACT12 elements, 
and 2 COMBIN39 elements.

The fuse element used in the model is intended to simulate an elastic behavior up to failure 
or breakage of the element as shown in Figure 13. Once the fuse element breaks, there is no 
force transfer through the fuse element. COMBIN40 element provides the required property, 
which is transfer of force only in compression. To provide for such behavior, a very small value 
(0.0025 mm) was assumed for the GAP specification in the element property data. The spring 
K1 in the COMBIN40 element was determined considering the force-deformation results of 
the fuse elements pilot tests. COMBIN40 element features “break-away” property appropriate 

Figure 12. Force-deformation responses for tie-down steel rebar [53].

Figure 13. Force-deformation responses for the rigid-brittle fuse element [53].
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Figure 14. Load-deflection relation for single-bay, single-story model with “brittle-failure” fuse element [53].

to simulate the condition of fuse breakage with subsequent zero force in the element, once the 
fuse capacity is reached. The fuse capacity is a function of the masonry infill wall shear strength. 
According to test results in Ref. [56], the infill wall had a capacity of 383 kN, which with a fac-
tor of safety of 4.0, yields a fuse capacity of 89 kN for the model. This value was used to specify 
FSLIDE, for which a negative value results in a drop to zero when the force in the element 
reaches the specified capacity (89 kN), while a positive value represents yielding or constant 
force equal to the capacity. In this case, only negative value was assigned.

5. Discussion of the single-bay, single-story model analysis results

Pushover analysis of single-bay, single-story infilled frame with fuse element model was car-
ried out to compare the response with infilled frame without fuse element. The results of this 
analysis are shown in Figure 9 along with the results from the experimental study of the bare 
frame and infilled frame. For better clarity, Figure 14 shows the plot of the initial deflection 
portions with larger scale. The effect of varying the fuse capacity on the system response is 
illustrated in Figure 9 with three different values for the fuse capacity (i.e., 89 kN, 178 kN, 
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and 267 kN). The figure shows two stages of response consisting of (a) prior to breakage of 
the fuse and (b) after breakage. During the first stage shown by line OA in Figure 14, the fuse 
transfers lateral loads from the frame to the infill wall and as such, the slope of the line OA 
represents the combined larger stiffness of the steel frame and the masonry infill wall. Upon 
breakage of the fuse at point A (capacity of fuse), there is sudden drop in the force level, line 
AB, followed by load-deflection relation along BC, which represents the response of the bare 
frame. This means that the infill wall is disengaged from the steel frame and only the bare 
frame is resisting the total load.

Comparison of the response of the model having fuse element with those of the bare frame and 
infilled frame in Figure 9 shows that the stiffness of the system with fuse element is slightly 
smaller than that resulting from tested infilled frame (about 75% of the infilled frame). This, 
however, is about ten times the stiffness of the bare frame. Although as shown in Figure 9,  
higher strength fuse elements increase the strength capacity of the system, but it should be 
noted that the objective is to prevent failure of the wall. For example, based on the test results 
(shown on the figure), the tightly fitted masonry infill wall cracks around a lateral load of 378 
kN. The smaller the fuse capacity, the larger will be the margin of safety against cracking.

The fuse element model shown in Figure 13 describes a condition where upon breakage of 
the fuse, the force transfer across the fuse becomes zero. Since this could imply a shock-type 
response, but which is more like cracking of reinforced concrete or masonry system, it is 
possible to develop fuse elements that show more ductile response. For example, if the fuse 
element can be described by the trilinear or multilinear models shown in Figure 15, the corre-
sponding load deflection plots for the infilled frame will be those shown in Figures 16 and 17,  
which show a more gradual drop of the force across the fuse and a smoother transition to 
the bare frame condition. It should be noted that depending on the mechanism of failure 
or design function of the fuse, different types of infilled frame response can be obtained. 
Examples of such mechanisms could include friction damper mechanism for energy dissipa-
tion and enhanced seismic response of the structure.

Figure 15. Assumed force-deformation responses for fuse element (a) “trilinear” and (b) “multilinear” [53].
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Figure 17. Load-deflection relation for single-bay, single-story case study with “multilinear” response for fuse element [53].

Figure 16. Load-deflection relation for single-bay, single-story case study with “trilinear” response for fuse element [53].
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6. Discussion of the two-bay, three-story model analysis results

With the finite element model validated based on the performance of a single-bay, single-
story infilled frame, the modeling approach can next be applied to a multi-bay, multistory 
system. The same modeling features presented in previous sections were used to model the 
two-bay, three-story frame shown in Figure 18. The panel dimensions and material proper-
ties were the same as those for the single-bay, single-story case. The steel frame members, 

Figure 18. Two-bay, three-story model description [53].

Figure 19. ANSYS models for two-bay, three-story case study: (a) bare steel frame; (b) single-diagonal strut method; and 

(c) three-diagonal strut method [53].
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Figure 20. Moment-rotation response for joints [53].

Figure 21. Force-deformation response for diagonal strut of single-diagonal strut model [53].

however, were modified to make them appropriate for a three-story structure. The masonry 
infill walls were assumed to be conventional CMU blocks (200 mm x 200 mm × 400 mm).

Models were developed for two-bay, three-story systems for three cases of bare frame, infilled 
frame without fuse, and infilled frame with fuse elements. The bare frame model shown in 
Figure 19(a) employed nonlinear beam-column joints shown in the figure by COMBIN39 ele-
ments. The model with masonry infill without fuse shown in Figure 19(b and c) consisted of 
two cases of single-diagonal strut and three-diagonal strut representation of the infill wall. 
Figure 20 shows the moment-rotation section behavior assumed for beam and column sec-
tions. For the single-strut case, the force-deformation behavior model shown in Figure 21 was 
used, while for the three-strut case, the models proposed in Ref. [57] were considered. The 
finite element model for the infilled frame with fuse elements is shown in Figure 22, where 
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the elements used consist of 110 BEAM3 elements for the frame, 50 COMBIN30 elements 
for nonlinear joints, 606 PLAIN42 elements for masonry infill, 108 CONTACT12 elements for 
wall and frame connections, 12 COMBIN39/40 elements for fuse, 12 COMBIN40 elements for 
gap modeling, and 12 COMBIN39 elements for tie-downs.

The loading applied to the four models described consisted of imposing incremental hori-
zontal in-plane displacement at the third floor level in a displacement-controlled mode. The 
resulting load-deflection diagrams for all four models are plotted in Figure 23. The results 

Figure 22. ANSYS model for two-bay, three-story infilled frame with fuse elements [53].
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Figure 23. Load-deflection relation for single-bay, single-story system [53].

shown are consistent with the type of response observed for the single-bay, single-story in 
Figure 9. The results for the infilled frame with fuse element are also shown with three differ-
ent fuse capacities. Figure 24 shows the enlarged plot of the fuse-equipped system compared 
to the bare frame model, while Figure 25 shows the sequence of fuse breakages. As expected, 
the load-deflection diagram for the system with fuse shows that after the breakage of the 
last fuse, the response closely follows the bare frame diagram. It should be added that such 
deflection will continue until the clearance between the frame and the infill wall is overcome, 
at which point the frame will directly bear against the infill wall, and the overall system will 
again experience high stiffness due to re-engagement and participation of infill wall.

The displacement-controlled load application is useful to understand the behavior of the sys-
tem as each fuse breaks, and in general for experimental tests studies to collect detailed data 
at each displacement increment. To simulate more realistic earthquake loading conditions and 
also for design purposes, however, load-controlled application can be a better choice. The two-
bay, three-story model of the infilled frame with fuse elements was subjected to such a load-
controlled case. Consistent with the first-mode deflection and story lateral loads, in-plane loads 
of F/2, F/3, and F/6 were considered at the third, second, and first floor levels, respectively, and 

New Trends in Structural Engineering46



applied incrementally. The resulting load-deflection diagram is shown in Figure 26 and the 
sequence of fuse breakage is graphically shown in Figure 27. Figure 26 shows that upon the 
breakage of the last fuse (third story), the response follows that of the bare frame. The results in 
Figure 26 show the beneficial effects of using fuse on increasing the stiffness and thus reducing 
in-plane deflection. Desirable sequence of fuse failure can be obtained by appropriate distribu-
tion of fuses with predetermined varying capacities over the height.

In addition to described analytical studies, parametric studies were conducted to determine 
the effect of varying the structural frame joint rigidities, member strengths, as well as the 

Figure 24. Load-deflection relation for two-bay, three-story infilled steel frame with “brittle-failure” fuse elements [53].

Figure 25. Behavior and failure mechanism of two-bay, three-story infilled steel frame with fuse system [53].
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Figure 26. Load-deflection relation for two-bay, three-story infilled steel frame with “brittle-failure” fuse elements (load 

control) [53].

Figure 27. Behavior and failure mechanism of two-bay, three-story infilled steel frame with fuse system (load control) [53].

location and stiffness of fuse elements. The moment-rotation model used for beam-column 
connection is shown in Figure 28, where the initial stiffness is Kj = Mpl/φel. By varying the 
rotation φel values from 0.0001 rad for a rigid frame to 100 rad for a pinned frame, the effects 
of joint stiffness on the response were evaluated. The results of the analysis for the two-bay, 
three-story frame are shown in Figure 29, which shows that by reducing the stiffness of the 
joints, the frame becomes more flexible. However, the effect on fuse performance is minor.
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Next, by changing the size of the frame members, for a rigid frame, the member size effect on 
fuse equipped infilled frame performance were studied. Such behavior for the two-bay, three-
story frame with different member sizes is shown in Figure 30. The initial design consisted of 
W12x53 for columns and W10x30 for beams, and the variation includes two cases of heavier 
and two cases of lighter sections. The results of the analysis show that heavier frame members 
provide stiffer and stronger system as a whole and that with stronger frames, fuse breaks at 
lower displacements. The results also show that the strength of the fuse elements should be 
consistent with that of frame, that is, a frame with higher ultimate load capacity should be 
used with fuse elements with larger capacity.

Figure 28. Three-linear moment-rotation response for joints [53].

Figure 29. Load-deflection relation for two-bay, three-story infilled steel frame with fuse system with different 
connection rigidity (stiffness) [53].
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Figure 30. Load-deflection relation for two-bay, three-story infilled steel frame with fuse system with different frame 

Strengths [53].

Figure 31. Load-deflection relation for two-bay, three-story infilled steel frame with fuse system with varying location 

for fuse element [53].
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The effect of varying the vertical position of fuse elements with respect to the top of the wall 
was also examined. Four positions consisting of the wall top corner, 300 mm, 600 mm, and 
900 mm below the top corner were chosen. The results of the analysis of the two-bay, three-
story frame are illustrated in Figure 31, which show that the lower the position of fuse element, 
the larger the frame drift at fuse breakage points. The results also show that by lowering the 
position of the fuse, the initial stiffness of the entire system will be reduced and the fuse breaks 
at larger deflection. It can be concluded that higher positions enhances the effectiveness of the 
fuse function. Finally, in order to examine the effect of the fuse stiffness on the overall response, 
four different stiffness values were chosen for fuse elements and the results of the analysis of 
the two-bay, three-story frame are shown in Figure 32, which show that for fuse with lower 
stiffness, the load and deflection at fuse breakage increases. It can therefore be concluded that 
the stiffness of the fuse element can have a notable effect on the response of infilled frame.

7. Concluding remarks

The study presented has shown that existing commercial software (such as ANSYS or other 
similar software) can be used to effectively model complex use of masonry walls. The study 
has shown how various finite elements can be used to model masonry, structural fuse, as well 
as infilled frame for analysis under in-plane lateral loading. The available library of finite 
elements seems to be well-developed for this purpose. Aside from concluding the appropri-
ateness of existing of modeling capabilities to capture various behavioral aspects of masonry 

Figure 32. Load-deflection relation for two-bay, three-story infilled steel frame with fuse system with different stiffness 

for fuse elements [53].
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infills used in conjunction with fuse elements, some conclusions and remarks can also be 
mentioned related to the proposed use of fuse concept to mitigate damage to masonry infill 
walls and/or infilled frames. The concept of using structural fuse elements as sacrificial com-
ponents in masonry construction is practical and should be given consideration for follow-up 
R&D studies and more refined design and detailing for practical application. The use of finite 
element modeling for parametric study of the proposed concept has shown that the effect of 
frame joint stiffness on the overall mode of behavior is not as much as the stiffness of the frame 
members. The latter affects the design of the fuse capacity, and for a given frame stiffness, the 
overall behavior will be sensitive to the fuse capacity. The finite element model analysis also 
showed that higher positions of the fuse element add efficiency to fuse element performance. 
While the presented study focused on proof of the concept for masonry infill within steel 
frames, the concept is equally applicable for concrete frames as well. In fact, variations of the 
presented concept can be expanded to develop energy dissipating fuse systems for applica-
tion to steel and concrete frames as well as light frame construction infilled with other materi-
als than masonry.

Author details

Ali M. Memari1* and Mohammad Aliaari2

*Address all correspondence to: memari@engr.psu.edu

1 Department of Architectural Engineering and Department of Civil and Environmental 
Engineering, Penn State University, PA, USA

2 IMEG Corporations, Pasadena, CA, USA

References

[1] Ravichandran SS, Klingner RE. Seismic Design Factors for Steel Moment Frames with 
Masonry Infills: Part 1. Proceedings of the 11th North American Masonry Conference, 
Minneapolis, Minnesota, June 2011, The Masonry Society, Longmont, CO; 2011

[2] Tucker C. Predicting the In-plane Capacity of Masonry Infilled Frames, Ph.D. Dissertation, 
Tennessee Technological University; December 2007

[3] Drysdale RG, Hamid AA, Baker LR. Masonry Structures – Behavior and Design. 2nd ed. 
The Masonry Society; 1999

[4] Paulay T, Priestley MJN. Seismic Design of Reinforced Concrete and Masonry Buildings. 
Wiley; 1992

[5] Riddington JR. The influence of initial gap on Infilled frame behavior. Proceedings of 
Institution of Civil Engineers. 1984;77:295-310

New Trends in Structural Engineering52



[6] Klingner RE, Rubiano NR, Bashandy T, Sweeney S. Evaluation and analytical verifica-
tion of Infilled frame test data. TMS Journal, The Masonry Society. 1997;15(2):33-41

[7] Masonry Standards Joint Committee (MSJC). Building code requirements and specifica-
tion for masonry structures, TMS 402-13/ACI 530/13/ASCE 5-13. In: Longmont, CO. 2013

[8] ASCE. Minimum Design Loads and Associated Criterias for Buildings and Other 
Structures, ACSE 7-16. Reston, VA: American Society of Civil Engineers; 2016

[9] Benjamin JR, Williams HA. The behavior of one-story brick shear walls. ASCE, Journal 
of Structural Division. 1958;84:1723.1-1723.30

[10] Holmes M. Steel frames with brickwork and concrete infilling. Proceedings, The Institution  
of Civil Engineers. 1961;19:473-478

[11] Stafford-Smith B. Lateral stiffness of Infilled frames. ASCE, Journal of the Structural 
Division. 1962;88(ST6):183-199

[12] Esteva L. Behavior Under Alternating Loads of Masonry Diaphragms Framed by Rein-
forced Concrete Members. Proceedings, International Symposium on the Effect of 
Repeated Loading on Materials and Structures, RILEM, Mexico City, Vol. 5; 1966

[13] Mallick DV, Garg RP. Effects of openings on the lateral stiffness of Infilled frames. 
Proceedings of the Institution of Civil Engineers. 1971;44:205-222

[14] Leuchars JM, Scrivener JC. Masonry infill panels subjected to cyclic in-plane loading. 
Bulletin of New Zealand National Society of Earthquake Engineering. 1976;9(2):121-131

[15] Liauw TC, Lee SW. On the behaviour and the analysis of multi story infilled frames 
subject to lateral loading. Proceedings of The Institute of Civil Engineers, Part 2. 1977; 
63:641-656

[16] Dowrick DJ. Earthquake Resistant Design for Engineers and Architects. 2nd ed. Wiley; 
1987

[17] Klingner RE, Bertero VV. Earthquake resistance of Infilled frames. ASCE Journal of 
Structural Division. 1978;104(ST6):973-989

[18] Yanev BS, McNiven HD. Mathematical Modelling of the seismic response of one 
story steel frame with Infilled partitions. The Canadian Conference on Earthquake 
Engineering, Montreal, Que. 1979;2:828-846

[19] Priestley MJN. Masonry. In: Rosenblueth E, editor. Design of Earthquake Resistant Structures.  
London: Pentech Press; 1980. pp. 195-222

[20] Achyutha H, Jagadish J, Rahman SS. Effect of Contact Between Infill and Frame on the 
Behaviour of Infilled Multi-story Frames. Proceedings of 6th International Brick Masonry 
Conference, Rome, Italy; 1982. pp. 574-581

[21] Bertero VV, Brokken S. Infills in seismic resistant building. ASCE, Journal of Structural 
Engineering. 1983;109(6):1337-1361

Finite Element Modeling of Masonry Infill Walls Equipped with Structural Fuse
http://dx.doi.org/10.5772/intechopen.77307

53



[22] Dawe JL, Seah CK. Behavior of masonry infilled steel frames. Canadian Journal of Civil 
Engineering. 1989;16:865-876

[23] Manos GC, Mpoufidis D, Demosthenous M, Triamataki M. Influence of Masonry Infill 
Panels on the Response of R.C. Structures Subjected to Lateral Loads. Proceedings, 5th

 

North American Masonry Conference, Urbana-Champaign, Ill, June 3-6, 1990, pp. 93-104

[24] Hendry AW, Liauw TC. Tests on Steel Frames with Reinforced Masonry Infilling. Procee-
dings of 3rd International Masonry Conference. The British Masonry Society, London;  
1994 pp. 108-114

[25] Sanainejad A, Hobbs B. Inelastic Design of Infilled Frames. ASCE, Journal of Structural 
Engineering. 1995;121(4):634-650

[26] Fardis MN, Calvi MG. Effects of Infills on the Global Response of Reinforced Concrete 
Frames. In: Duma, editor. Proceedings of 10th European Conference on Earthquake 
Engineering. Balkema, Rotterdam; 1995. pp. 2893-2898

[27] Combescure D, Pegon P, Anthoine A. Modelling of the in-plane behavior of masonry 
infill frames. In: Elnashai, editor. European Seismic Design Practice. Balkema, Rotterdam; 
1995

[28] Negro P, Verzeletti G. Effect of Infills on the global behavior of R/C frames: Energy 
considerations from Pseudodynamic tests. Earthquake Engineering and Structural 
Dynamics. 1996;25:753-773

[29] Mehrabi AB, Shing PB. Finite element modeling of masonry-Infilled RC frames. ASCE, 
Journal Structural Engineering. 1997;123(5):604-613

[30] Mosalam KM, White RN, Ayala G. Response of Infilled frames using pseudo-dynamic 
experimentation. Earthquake Engineering and Structural Dynamics. 1998;27:589-608

[31] Chiou Y-J, Tzeng J-C, Liou Y-W. Experimental and analytical study of masonry Infilled 
frames. ASCE Journal of Structural Engineering. 1999;125(10):1109-1117

[32] Flanagan RD, Bennett RM. In-plane behavior of structural clay tile Infilled frames. ASCE 
Journal of Structural Engineering. 1999;125(6):590-599

[33] Fardis MN, Bousias SN, Franchioni G, Panagiotakos TB. Seismic response and design of 
RC structures with plan-eccentric masonry Infills. Earthquake Engineering and Structural 
Dynamics. 1999;28:173-191

[34] Dorji J. Seismic Performance of Brick Infilled RC Frame Structures in Low and Medium 
Rise Buildings in Bhutan. Queensland University of Technology: Masters Thesis; 2009

[35] Goel N, Singh Y, Gupta VK. Design aids for performance based design of masonry infills 
in frame buildings. Springer Journal of Institution of Engineers (India), Civil Engineering 
Division. May 2009;90:7-13

[36] Baird A, Palermo A, Pampanin S, Riccio P, Tasligedik AS. Focusing on reducing the earth-
quake damage to facade systems. Bulletin of the New Zealand Society for Earthquake 
Engineering. 2011;44(2):108-120

New Trends in Structural Engineering54



[37] Lu X, Chen Y, Mao Y. New concept of structural seismic design: Earthquake resilient 
structures. Tongji Daxue Xuebao/Journal of Tongji University. July 2011;39(7):941-948. 
DOI: 10.3969/j.issn.0253-374x.2011.07.001

[38] Asteris PG, Cotsovos DM, Chrysostomou CZ, Mohebkhah A, Al-Chaar GK. Mathematical 
micromodeling of infilled frames: State of the art. Engineering Structures. 2013;56:1905-
1921. DOI: 10.1016/j.engstruct.2013.08.010

[39] Jie Ren W, Cheng Ma Z, Qiang Wang Z. Research on seismic behavior of Infilled frame 
structure. Applied Mechanics and Materials. 2013;256-259:2148-2151. DOI: 10.4028/
www.scientific.net/AMM.256-259.2148

[40] Quayyum S, Alam MS, Rteil A. Seismic behavior of soft storey mid-rise steel frames with 
randomly distributed masonry infill. Steel and Composite Structures. 2013;14(6):523-
545. DOI: 10.12989/scs.2013.14.6.523

[41] Saim R, Khan MKL, Munir F, Anwar W, Hassan S. Seismic performance assessment of 
masonry Infilled steel frame structures. International Journal of Innovation and Applied 
Studies (IJIAS). 2014;8(4):1470-1484

[42] Wang F, Kang T, Yang Y, Lu S. Seismic behavior of the wall-frame structure infilled with 
rubber concrete brick. 2015;31:661-670. DOI: 10.11717/j.issn:2095-1922.2015.04.11

[43] Bahreini V, Mahdi T, Najafizadeh MM. Numerical study on the in-plane and out-of-
plane resistance of brick masonry infill panels in steel frames. Shock and Vibration. 
2017;15:1-16. DOI: 10.1155/2017/8494657

[44] Keyvani Borujeni A, Mahdi T. Numerical methods in civil engineering nonlinear mod-
eling of the infill wall based on the brittle cracking model. Numerical Methods in Civil 
Engineering. 2017;1(4):7-15

[45] Noorifard A, Mehdizadeh F, Tabeshpour MR. Preventing undesirable seismic behaviour 
of infill walls in design process. Urbanism. Architecture. Constructions. 2017;8(1):57-80

[46] Palios X, Fardis MN, Strepelias E, Stathis SN. Unbonded brickwork for the protection of 
infills from seismic damage. Engineering Structures. 2017;131:614-624

[47] Asteris PG, Sophianopoulos D. Behavior of masonry infilled steel framed structures 
under strong ground motion; 2018. https://www.researchgate.net/publication/265153004

[48] Yuen TYP, Zhang H-H, Kuang JS, Huang Q. Shake table tests on RC frame infilled by slit-
ted masonry panels. Springer, Bulletin of Earthquake Engineering. 2018. DOI: 10.1007/
s10518-018-0339-3

[49] Memari AM, Aliaari M. Seismic infill wall isolator subframe (SIWIS) system for use in 
buildings. Proceeding, ATC-17-2 Seismic on Response Modification Technologies for 
Performance-Based Design; Los Angeles, CA; 2002

[50] Aliaari M, Memari AM. Analysis of masonry infilled steel frames with seismic isolator 
subframes. Engineering Structures Journal. 2005;27:487-500

[51] Aliaari M, Memari AM. Experimental evaluation of a sacrificial seismic fuse device for 
masonry infill walls. ASCE Journal of Architectural Engineering. 2007;13(2):111-125

Finite Element Modeling of Masonry Infill Walls Equipped with Structural Fuse
http://dx.doi.org/10.5772/intechopen.77307

55



[52] Kauffman AL, Memari AM. Performance evaluation of different masonry infill walls 
with structural fuse elements based on in-plane cyclic load testing. Buildings. 2014;4:605-
634. DOI: 10.3390/buildings4040605

[53] Aliaari M. Development of seismic Infill Wall isolator subframe (SIWIS) system PhD 
Thesis, Pennsylvania State University, University Park, PA; 2005

[54] Aliaari M, Memari AM. Development of a seismic design approach for infill walls 
equipped with structural fuse. Open Civil Engineering Journal. 2012;6(1):249-263

[55] ANSYS Users’ manuals – Version 6.1. (2002), ANSYS Inc., Canonsburg, PA

[56] Seah CK. A universal approach for the analysis and design of masonry infilled frame 
structures. PhD Thesis, Univ. of New Brunswick, Fredericton, N.B., Canada; 1998

[57] El-Dakhakhni WW, Elgaaly M, Hamid AA. Three-strut model for concrete masonry-
infilled steel frames. Journal of Structural Engineering, ASCE. 2003;129:177-185

[58] Richardson J. The behavior of masonry infilled steel frames. MS Thesis, University of 
New Brunswick, Fredericton, N.B., Canada; 1986

New Trends in Structural Engineering56


