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Abstract: Presented herein is a seismic design approach developed for a proposed infill wall “structural fuse” system for 
use in building frames. The purpose of this system is to prevent damage to frame or infill walls due to infill wall-frame in-
teraction during potentially damaging earthquakes by isolating them through a “sacrificial” component or a structural fuse. 
The design approach includes a procedure for design and application of the fuse system in a multi-bay, multi-story build-
ing with moment resisting frames. The empirical equation developed to predict the in-plane strength of masonry infill 
walls equipped with structural fuse is discussed. A calculation method is suggested to specify an appropriate fuse element 
capacity arrangement in a building frame in order to achieve desirable and controlled structural performance. The design 
procedure is shown through application to two buildings used for example, a low-rise (4-story) and a mid-rise (8-story) 
building. The result of the study demonstrates that the proposed isolation system has merits and can potentially improve 
the seismic performance of masonry infill walls by protecting the infill wall and the frame from damages due to their in-
teraction. 
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INTRODUCTION 

 In steel and concrete moment frame construction, infill-
ing some of the interior or exterior bays with walls made of 
masonry units is a common practice in many countries. In 
the United States, however, masonry infill walls exist mostly 
in older buildings. In some new construction masonry infill 
is used on the exterior frames as the backup wall for brick or 
stone veneer system as well. Such infill walls are tradition-
ally specified by architects, and structural engineers do not 
consider them as a participating member in the vertical grav-
ity load-bearing or lateral load-resisting systems. However, 
depending on their construction details in relation to the 
structural frame, infill walls can adversely influence the 
seismic response of the structure and lead to some damage to 
the wall or frame [1, 2]. Although the philosophy of seismic 
design is usually based on life-safety issues and not damage 
prevention aspects, designing to reduce damage is still pref-
erable. Cracking of infill walls, which is a common form of 
non-structural damage in even minor to moderate earth-
quakes, can demand expensive repair cost as well as tempo-
rary shutdown of normal operation of the building. Stronger 
earthquakes can lead to total collapse of infill walls with the 
hazard of falling debris into the streets or interior of build-
ings. In the Nicaragua 1972 earthquake, it is estimated that  
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5000 casualties were associated with falling masonry walls 
and roofs [3]. On the other hand, studies after April 2009 
earthquake in the Abruzzo Region of Italy recognized that 
the masonry infill walls prevented further deterioration or 
collapse of many buildings [4]. Observation of 1906 San 
Francisco earthquake also presented relative by superior per-
formance of steel frame structures with masonry infill walls, 
however, major repairs were required after earthquake [5]. 

 Two methods of construction are common for infill walls 
[6, 7]. The first method is to allow the infill wall to interact 
with the structural frame and basically use it as an effective 
bracing component (i.e., diagonal strut action). The second 
approach is to isolate the infill wall from the structural frame 
by leaving gaps between them. In the case of tight-fit con-
struction, the presence of infill walls increases the in-plane 
stiffness of the structure, decreases its fundamental period, 
and as a result can generally lead to larger shear forces, pri-
marily during the elastic response phase. Depending on the 
details of their construction (partial vs. complete infill), the 
infill wall interaction with the confining frame could possi-
bly lead to premature column failure (short column mecha-
nism) or to increased levels of ductility demand in columns. 
Furthermore, infill walls with tight-fit construction can in 
general influence the torsional response and sometimes lead 
to soft-story condition. In the case of separating the infill 
walls from the frame by leaving gaps between them, issues 
such as out-of-plane stability of the infill wall, acoustic, and 
fire insulation requirements at the separation gap need to be 
addressed.  
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 Initial introduction of the Seismic Infill Wall Isolator 
Subframe (SIWIS) concept by Memari and Aliaari [8] in-
volved the use of a structural fuse element as an alternative 
method to tight-fit and complete isolation options for infill 
wall construction that can be classified as a seismic isolation 
solution with the use of sacrificial fuse elements. The idea is 
to try to use (to a certain degree) the beneficial effects of 
strength and stiffness of the infill wall to reduce the story 
drift during low to moderate seismic events. However, dur-
ing strong shaking, the sacrificial element should crush and 
seismically isolate the infill wall from the frame in order to 
prevent damage to the wall (including cracking) and the 
frame. The proposed system can be used for seismic retrofit 
and upgrade of existing and old buildings as well as in new 
constructions. 

 To further develop the proposed system and evaluate its 
performance, a research program including an analytical and 
an experimental component was undertaken. The develop-
ment of a generalized nonlinear finite element modeling 
scheme and an experimental program including a series of 
compression tests on different types of fuse elements and 
lateral in-plane static tests on a scaled two-bay, three-story 
steel frame equipped with structural fuse system has been 
presented [9-11].  

 Three different finite element modeling schemes have 
been used by various researchers for modeling of infilled 
frames. The first modeling scheme is referred to as micro 
model [12, 13] to study the stress distribution in the infill 
wall and its interaction with the confining frame using 
smeared crack approach with discrete elements. Milani [14] 
further studied a full three dimensional (3D) modeling of 
masonry walls using heterogeneous approach for finite ele-
ment upper bound limit analysis. Besides the detailed micro 
models, simplified macro models are also used, in which the 
infill wall is modeled by an equivalent strut such as a nonlin-
ear diagonal spring [12] or equivalent three nonlinear brace 
elements [15] with force-deformation properties obtainable 
from testing or the micro model analysis. More detailed in-
formation about analytical study of the fuse element includ-
ing background on various finite element modeling schemes 
can be found in Aliaari [9] and Aliaari and Memari [10]. 

 The experimental program mainly included a series of 
static lateral load tests on a scaled two-bay three-story steel 
frame, with and without fuse element. The main objective of 
these tests was to experimentally investigate and verify the 
concept of the proposed fuse system and observe the per-
formance of the whole system and its components (e.g., infill 
walls, fuse elements, and their connections). It was also in-
tended to provide information to validate finite element 
modeling schemes. Prior to these frame tests, several other 
experimental tasks were conducted for in-plane capacity of 
single masonry wall panels and also for fuse element in three 
different designs including concrete disk, steel disk, and 
lumber disk. Complete description and documentation of 
experimental program is available in Aliaari [9] and Aliaari 
and Memari [11]. 

 The numerical and experimental results confirmed that 
the concept of the proposed structural fuse system has merits 
and works satisfactorily as a “seismic isolation” system. The 
fuse type element first utilizes the beneficial stiffness and 

strength effects of the infill wall up to a predefined point, 
after which it isolates the infill wall from the frame or limits 
the participation of infill walls in in-plane resistance.  

 This paper complements previous published work and 
introduces a proposed design approach for infill walls 
equipped with fuse elements (without the need for a sub-
frame initially proposed). First, using available empirical 
equations in the literature, a series of expressions are devel-
oped for estimation of the in-plane strength of masonry 
walls. The results of an isolated wall panel strength test are 
compared with the results of developed expressions. Then, a 
design method is suggested in order to specify appropriate 
capacity arrangement for fuse elements in a multi-bay, multi-
story frame building. Necessary design checks for the con-
fining frame due to infill wall-frame interaction are dis-
cussed. The proposed design approach is explained as ap-
plied to two hypothetical buildings, a four-story (low-rise) 
and an eight-story (mid-rise) building in Los Angeles, CA 
(high seismic zone). The main objectives of developing the 
examples include demonstrating how the proposed design 
approach works for practical application and showing the 
advantages of the proposed system. The scope of the ap-
proach developed is limited at this time to lateral loading 
being considered in only one direction. A more general ap-
proach should consider cyclic loading conditions, which is 
expected to be addressed in follow-up studies based on the 
results of this study. 

SEISMIC STRUCTURAL FUSE CONCEPT 

 The fuse concept proposed consists of mounting struc-
tural fuse elements between infill walls and columns as 
shown in Fig. (1). Conceptually, the fuse elements can be 
placed in the vertical components of a subframe system con-
sisting of sandwiched light-gage steel studs (Fig. 1). Within 
the subframe member at top of the wall, which will not have 
fuse elements, and in open spaces of the subframe vertical 
elements, there can be an appropriate flexible filler material 
for sound insulation and fire-resistance. The infill wall then 
is to be constructed within the subframe just like a usual ma-
sonry wall. The lateral stability of the infill wall will be en-
sured by out-of-plane restrainers such as brackets and guides 
usually at top. The location of fuse elements shown near the 
top of the masonry wall panel in Fig. (1) is chosen because 
the frame will first contact the infill wall at that point and 
will tend to close the gap if there were no fuse elements. To 
provide flexural stability and eliminate flexural failure of 
masonry wall in fuse-equipped system, vertical components 
of the subframe (in the initial concept of using subframe) 
attached at each end of the wall panel act as a tie-down ele-
ment. Other equivalent tie-down concepts can be used if 
such subframe is not to be employed. In case a subframe is 
not to be used, the fuse element can be fitted within a small 
space on the wall edge by using a partial masonry unit or 
leaving one unit out as shown in Fig. (2). It is envisioned that 
the fuse element used in this fashion will be enclosed and 
protected against environmental effects, e.g., moisture and 
thus the deterioration will be minimized. Nonetheless, in 
case of any kind of damage due to material breakdown after 
long time or due to breakage under interaction loads, i.e., 
performing its fuse function, the detail to be developed (e.g., 
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Fig. (1). An example of fuse-equipped system used in a building frame. 

as shown in Fig. 2) should allow replacement of the fuse 
element. 

 

Fig. (2). Example of fuse detail without the use of subframe. 

 
 The fuse-equipped system is designed such that under 
small to moderate levels of structural frame in-plane inter-
face force (low to moderate seismic event or wind), the fuse 
will act as a rigid link and transfers the force to the infill wall 
for the benefit of its stiffness in reducing drift. Such reduc-
tion in drift can prevent damage to nonstructural components 
such as glazing, plaster, drywall, veneers, and ornamental 
components attached to the building façade. At larger levels 
of in-plane force (moderate to high seismic event), the fuse 
elements will likely crush (break) after its capacity is over-
come by the frame-wall interaction force and allow the struc-
tural frame to displace without transferring force to the infill 
wall. Depending on the stiffness and strength of the masonry 
wall and the level of confidence in the wall material, its 
strength, and the desired safety factor, the capacity of fuse 
element can be customized and different grades can be de-

signed and specified. The upper bound capacity of the fuse 
element needs to be lower than the lower bound strength of 
the masonry wall. Consideration needs to be given weather 
the designer is willing to accept some masonry wall damage 
or desires little or no damage. The fuse system can be used 
with different configurations of masonry infill walls includ-
ing walls with or without openings, partial-height or full-
height infills, and infills with different types of masonry 
units ranging from higher strength concrete masonry blocks 
and clay brick units to lower strength masonry such as thin 
wall hollow clay tile units and autoclaved aerated concrete 
(AAC) blocks. 

 The early concept of the fuse element intended to make a 
rigid-like connection between the infill wall and the frame to 
engage the infill wall in in-plane load resistance up to a cer-
tain load level. Accordingly, once this load limit is exceeded, 
the fuse element will crush and result in full or partial disen-
gagement of the infill wall from interaction with the frame. 
The capacity of the fuse element is designed to be a percent-
age of the cracking load of the infill wall, with the percent-
age reflecting the desirable safety margin. The fuse element 
discussed in this study is that of the initial concept and has 
no tension resistance capacity. There could be various design 
alternatives for fuse element. For example, the fuse element 
can include a spring component of desirable stiffness to con-
trol in-plane movements after the crushing of the fuse ele-
ment. Furthermore, a dashpot mechanism can be added to the 
element to enhance seismic performance of a structure by 
increasing its energy dissipation capacity.  

 Depending on the type and material of fuse element, its 
material deterioration and possible impact on long term per-
formance and capacity of the fuse system need to be consid-
ered and evaluated. If common structural materials such as 
concrete, steel, wood and some types of epoxies are used, it 
is expected that the fuse element maintains its capacity and 
performance during the life of fuse system, considering the 
fact that the element will be located inside subframe or upper 
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corner block (Fig. 2) and further more protection against 
weather and water can be provided by wall covers, if any, 
such as gypsum boards or other architectural elements. How-
ever, if for any reason (e.g., the nature of the material used) 
the capacity of fuse elements deteriorates by time, this will 
not create life safety problems or concerns. The whole con-
cept of fuse system is to disengage the infill wall from struc-
tural frame under certain threshold load level, after which the 
structural frame will provide serviceability and strength re-
quirements as per structural codes and standards. The fuse 
elements can be investigated after any major event and if 
needed they can be replaced through accesses in subframe. 
Depending on the material, it might be appropriate to specify 
a life limit for fuse elements as well, after which they all 
need to be replaced. In case the fuse loses strength for rea-
sons such as rot, material useful life, or any other factor not 
considered in detail, the fuse simply breaks at a smaller load 
and leads to elongation of the natural vibration period of the 
entire system, but it should not affect the structural strength 
after fuse breakage.  

 In this paper, only brittle type fuse element is considered 
and the design procedure presented is shown for application 
of rigid-brittle element. Follow-up studies are expected to 
include fuse elements with tension and compression resis-
tance as well as possibly energy dissipating properties. One 
example of such fuse element is to use wood disc as shown 
in Fig. (3) [11]. The figure shows how the wood disk is 
punctured by a steel rod if frame-to-wall transfer forces ex-
ceed the wood disk capacity. 

 

Fig. (3). Example of a fuse element consisting of a wood disk after 
steel rod punctures the disk. 

IN-PLANE STRENGTH OF MASONRY WALLS US-
ING EMPIRICAL EQUATIONS 

 Over the last two decades a considerable amount of new 
research has been carried out on in-plane behavior of ma-
sonry walls including experimental and analytical studies. 
Several researchers have proposed different empirical equa-
tions to estimate the in-plane strength of masonry walls [6, 
16 - 28]. The results of either experimental tests or analytical 
studies or both have been used to validate the proposed equa-
tions. Empirical equations are commonly used in building 
design codes for simplicity and practical purposes. For in-

stance, Uniform Building Code [29], Eurocode [30], NEHRP 
[31], and International Building Code [32] that refer to 
Building Code Requirements for Masonry Structures [33] 
have adopted such equations for nominal strength of ma-
sonry walls. 

 Some of the empirical equations proposed by different 
researchers and building codes for predicting the in-plane 
strength of masonry walls (V) are summarized in Table 1. 
The Eurocode [30] equation in the table is based on sliding 
shear failure, while the rest of the equations are based on 
diagonal shear failure. Each equation includes two or more 
of the components listed in Equation (1) below, in which, 

, , , and , respectively, are the contributions of 

masonry, axial compression, horizontal reinforcement, and 
vertical reinforcement. 

mV pV shV svV

svshpm VVVVV 
 (1) 

 The in-plane strength given by the empirical equations 
listed in Table 1 is compared in the next section with the test 
results to develop a new series of expressions for in-plane 
strength of a masonry wall to be used for infilled frames with 
fuse elements. 

 Unlike shear resistance, relatively accurate methods are 
available to calculate the in-plane flexural resistance of ma-
sonry walls. One such method has been presented by 
Tomazevic and Lutman [28] that assumes a symmetrical 
vertical reinforcement arrangement along the horizontal 
cross section of masonry walls. Accordingly, Equations (2) 
and (3) are obtained for the in-plane flexural capacity ( ) 

and associated shear resistance (V ) of masonry walls based 
on boundary conditions. 
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 In Equation (2), c  is the axial compression stress, f’m is 
compressive strength of masonry, fyv is vertical steel yield 
strength, L is horizontal distance between tie-down element 
and jamb, t is wall thickness, d’ is the centroidal distance of 
the vertical steel to the nearest jamb, and Asv is the vertical 
steel area.   is a coefficient that takes into account the ver-
tical stress distribution at the compressed toe. A common 
assumption is an equivalent rectangular stress block with 

85.0 . In Equation (3), H is the total height of the wall 
panel and  ’ equals 0.5 for fixed ends walls and 1.0 for 
cantilever walls. 

IN-PLANE STRENGTH OF MASONRY WALLS IN 
PROPOSED SEISMIC FUSE SYSTEM 

 The proposed fuse system is intended to prevent masonry 
infill walls from experiencing damage in strong earthquake 
activities. A fuse-like element should always disengage the 
masonry wall from the frame well before the wall reaches its 
damaging state. For the purpose of fuse element design, the 
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Table 1. Empirical Equations for In-plane Shear Resistance of a Masonry Wall (1in. = 25.4 mm, 1 kip = 4.448 KN) 

Source Masonry,  
mV Axial Compression,  

pV Horizontal Steel,  
shV Vertical Steel,  

svV

[18] Afk mo '012.0  Ac2.0  
yhho Afk 31.0011.0     Aff

r
kk vyvmuo

7.0'18.0
8.0

5.0


















 

[26] Afc m'2  Afc mc '1  
yhsh fA

s

dL
11

'2














   Affc myvv '1  

[27] a 
ACA

f

C
fC c

m

c
m 


3

2
1 '

1'   yhsh fA
s

dl
C 15 1

'2




 


 
AfCC yvv43  

[35] Af m'02.0  
A

ff
f

m

c

m

c
m 
































2

'
9.0

'
88.0'  

  

[28] b 
A

fb

f

t

ct 









1  yhshh fA   

[6] c 
A

fb

f

t

ct 









1  yh

sh
rh f

s

A
dC 9.0   yvmrv ffd 2806.0  

[29] 
emd AfC '  

 
yheh fA   

[31,33]d   Afc mv '75.143   Ac25.0  
yh

sh f
s

A
d5.0  

 

[30] Ao  Ac4.0  yhsh fA9.0   

 Notes: 
a Based on regression analysis on the results of a parametric finite element study, Shing et al. [27] proposed C1=0.04; C2=4.5; C3=0.25; C4=0.667, and 
C5=0.75. 
b Tomazevic and Lutman [28] proposed  based on the experimental results. 4.0 h
c According to Tomazevic [6],  can vary between 0 and 0.5 with a proposed value of 0.3 in the case of lack of experimental results. rhC
d 

v  needs not to exceed 1.0. There is a maximum mfAV '6max   for 25.0v  and mfAV '4max   for . 0.1v

damaging limit state can be defined to be either initial cracks 
or major cracks of masonry wall. The initial and major 
cracking capacity of a masonry wall can be approximated to 
be about 40% and 70% of its ultimate capacity, respectively 
[6, 34]. Thus, the ultimate capacity (strength) of a masonry 
wall to employ fuse system needs to be estimated. The ulti-
mate capacity of an unreinforced masonry wall is the smaller 
of its shear and flexural capacities. It is often preferred to 
eliminate the in-plane flexural induced uplift failure of a 
masonry wall. This can be addressed in the proposed fuse 
device by providing sufficient strength and stiffness for a 
vertical element that anchors the wall to the bottom (beam) 
support such as tie-down at the wall boundary like a jam 
element. The tie-down element ensures that flexural failure 
will not occur in masonry wall. 

 In this section, the in-plane strength of masonry wall is 
estimated with the use of empirical equations. For this pur-
pose, first, the empirical equations listed in Table 1 are used 
to predict the strength of a single masonry wall that had been 
tested as part of this study. Then, those equations that yield 
closer results are considered and used to develop a new se-
ries of expressions for in-plane strength of a masonry wall to 
be used in infilled frames with fuse elements.  

 Two single-layer masonry brick walls were constructed 
and tested as part of an experimental program in this study. 
Fig. (4) shows the free body diagram of the masonry wall 
panel as configured in the experimental test. The walls had 
nine-course running bond with four bricks in each course 
resulting in a total height of 24-1/4 in. (616 mm), a total 
length of 32 in. (813 mm), and an actual thickness of 3-1/2 
in. (89 mm). The failure mode for both wall specimens was 
diagonal shear failure. Both wall specimens failed in brittle 
manner right after the formation of the first cracks, which 
were developed simultaneously. They failed in diagonal 
shear mode at maximum loads of 22.3 kips (99.2 KN) and 
24.3 kips (108.1 KN). Thus, an average of 23.3 kips (103.6 
KN) was considered for the in-plane strength of the wall 
specimen. The compressive test on three masonry prisms 
resulted in a compressive strength of 3600'mf psi (24.9 
MPa) for masonry. The details and complete discussion of 
these wall tests have already been reported by Aliaari [9].  



 The tensile strength of masonry is required for use in 
some of the empirical equations listed in Table 1. In the case 
of lack of test results, the tensile strength of masonry can be 
approximated based on the compressive strength of masonry. 
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Based on analysis of data from a large number of test results 
by Tomazevic [6], the ratio between the tensile and compres-
sive strength of masonry varies from 0.03 to 0.09 with an 
average of 0.05. The use of the average value of 0.05 results 
in a tensile strength of  psi (1.25 MPa) for the ma-
sonry material of the case under study (for  psi).  

180tf
3600' mf

 With reference to Fig. (4), by taking moment about the 
bottom-left corner, Equation (4) is obtained for the axial load 
N (tie-down load) based on the applied horizontal load V, 
where, , , , and  are dimensions shown in Fig. (4). 
The assumption of and 

l 'l h 'h
l 0' ll 10.0~05. hhh 10.0~05.0'  

and the substitution of ANc   in Equation (4) result in 
Equation (5) for the average compressive stress. 

 

Fig. (4). Masonry wall panel subjected to in-plane load. 
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 The empirical equations listed in Table 1 are considered 
here for in-plane shear strength prediction of the test wall 
specimen. For each empirical equation, c  was substituted 
by Equation (5) and the resultant equation was solved for V. 
The resulting in-plane resistances (V) for the test masonry 
wall specimen including shear resistance, flexural resistance, 
and test result are shown in Fig. (5) for comparison. As an 
example, the calculations based on the equation by 
Tomazevic and Lutman [28] are summarized as follows: 
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 It can be seen from Fig. (5) that the flexural strength of 
the wall is about two times the shear strengths. This is of  
 

course desirable since it allows the full capacity of masonry 
material to be used and eliminates flexural failure of ma-
sonry walls. Fig. (5) shows that the Fattal [18] and UBC 
1997 [29] equations resulted in highly conservative values. 
The Fattal [18] equation was primarily developed to estimate 
the shear resistance of reinforced masonry walls and, thus, it 
is not suitable for unreinforced masonry walls. Although the 
UBC 1997 [29] equation was entitled as “nominal shear 
strength” of masonry walls, but it was basically developed 
for design purposes. Furthermore, the UBC 1997 [29] equa-
tion lacks the terms related to the resistance of the axial 
compressive stress. Therefore, it is predictable that this equa-
tion may result in conservative values. The Shing et al. [26] 
equation also resulted in lower resistance compared to the 
test result. However, the Shing et al. [27] equation gave bet-
ter results. The other three equations including Tomazevic 
and Lutman [28], Guiqiu et al. [35], and NEHRP [31] and 
Building Code Requirements for Masonry Structures [33] 
predicted the presented test results fairly well. 

 

Fig. (5). In-plane strength of masonry wall test specimen (1 kip = 
4.448 KN). 

 
 In this study, empirical equation proposed by Tomazevic 
and Lutman [28] is considered as shown in Eq. (6), in which 
ft is tensile strength of masonry, b is a factor related to aspect 
ratio of wall, Ash and fyh are area and yield strength of hori-
zontal rebar,  is axial compression stress and 

c h  is re-

duction factor for contribution of rebar capacity.  
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 Substitution of 
c  from Eq. (5) into Eq. (6) and solving 

for V results in Eq. (7) for in-plane resistances (V) for the 
masonry wall in fuse system, in which lh . Use of this 
equation will be illustrated subsequently through examples. 
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GUIDELINES FOR FUSE ELEMENT CAPACITY 
ARRANGEMENT 

 In a typical multi-story building earthquake induced 
drifts cause larger story shear forces in lower stories relative 
to upper stories. Thus, if the same capacities are used for 
fuse elements in all stories, those in lower stories will fail 
first. This sequence of crushing of fuse elements can result in 
development of a soft-story, which is an unfavorable mecha-
nism for the structure. A desirable sequence of crushing of 
fuse elements can be obtained by specifying fuse elements 
with different capacities (grades) in elevation. In this section, 
a method is developed to design fuse elements’ capacity ar-
rangement in multi-bay, multi-story buildings to achieve 
desirable structural performances and prevent soft-story 
mechanism [37]. 

 A multi-bay, multi-story frame subjected to in-plane lat-
eral loads is shown in Fig. (6). The story shear force is the 
sum of the applied loads at and above the story under con-
sideration as shown in Eq. (8). 




 
n

ij
jreqdi FV  (8) 

 On the other hand, the story shear resistance is the sum of 
the resistances of masonry infill walls equipped with fuse 
elements, the resistance of frame, and the resistance of brac-
ings as shown in Eq. (9). The share of the resistance of each 
term is proportioned to their relative stiffness values. 

braceiframeiwallitotali VVVV    (9) 

 With the distribution of the required story shear forces in 
elevation ( ) known, to achieve a desirable crushing 

sequence of fuse elements in elevation, the capacities should 
be specified in such a way that the ratios of the provided 
story shear resistance ( ) to required story shear forces 

( ) follow the preferred crushing sequence. Since it is 

usually desirable for fuse elements to crush from top stories 
to the bottom, these ratios should be in increasing order from 

top to bottom stories. To illustrate the design method based 
on this assumption, two design examples are presented sub-
sequently. 

reqdiV 

totaliV 

reqdiV 

CONSIDERATIONS FOR INFILLED FRAME DESIGN 

 In the proposed infill wall fuse system concept, the frame 
and the wall panel interact at the locations of fuse element, 
vertical tie-down element, and the compression toe of wall 
panel. These interactions affect the bending moment, axial 
force, and shear force of the frame (global effects) and need 
to be checked by the designer. After the fuse element crushes 
(breaks), there will be no interaction between the frame and 
the wall, and the frame will act as a bare frame. Fig. 7(a) 
shows the qualitative bending moment and shear force dia-
grams of a bare frame subjected to an in-plane load. The 
bending moment and shear force diagrams induced due to 
the presence of a fuse device is also shown in Fig. 7(b). The 
response of the frame is considered to be linear before crush-
ing of the fuse elements. Thus, with the use of superposition 
principle, the resulting resisting forces of the frame are the 
sum of the forces of the bare frame and those induced by the 
fuse system on the frame as shown in Fig. 7(c). In Fig. (4), 
for simplification purposes, the distributed compression 
stress at the compression toe of the wall is substituted by an 
equivalent concentrated force. For analysis and design pur-
poses of a structural frame with a fuse system, it is appropri-
ate to substitute the effects of fuse system as new load cases 
by considering its reaction on the confining frame. 

 Another design consideration for the frame is to check 
the column and beam members’ concentrated forces for local 
effects (e.g., flange or web buckling) fuse system interaction. 
The column experiences concentrated compressive force 
from the fuse at the location of the fuse element, which 
translates to show shear force on column, and the bottom 
beam is subjected to concentrated shear force due to the ten-
sile force at the location of the tie-down element. The beam 
is also subjected to compressive force at the compression toe 
of the wall. These global and local effects and reactions need 
to be considered when checking and designing the frame 
elements. 

 

Fig. (6). Multi-bay multi-story building subjected to in-plane loads. 
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Fig. (7). Influence of infill wall fuse system in frame forces. 

Table 2. Eight-story Building Design Example 

Story 
Story Shear kip 

(KN) 
Story Shear 

Ratio 
Fuse Capacity 

Kip (KN) 

Story Shear 
Capacity Kip 

(KN) 

Story Capacity / 
Story Shear 

Fuse Crushing 
Sequence 

Fuse/Wall Ca-
pacity % 

(1) (2) (3) (4) (5) (6) (7) (8) 

8 112 (498) NA 10 (44) 40 (178) 0.36 1 11 

7 205 (911) 1.84 25 (111) 100 (445) 0.49 2 28 

6 282 (1254) 1.37 40 (178) 160 (712) 0.57 3 44 

5 343 (1526) 1.22 55 (245) 220 (979) 0.64 4 61 

4 389 (1730) 1.13 65 (289) 260 (1156) 0.67 5 72 

3 420 (1868) 1.08 75 (334) 300 (1334) 0.71 6 83 

2 439 (1953) 1.04 85 (378) 340 (1512) 0.77 7 94 

1 447 (1988) 1.02 90 (400) 360 (1601) 0.81 8 100 

DEVELOPMENT OF THE DESIGN APPROACH 
THROUGH EXAMPLES 

 Two hypothetical design examples are presented in this 
section to help explain the fuse system design procedure. An 
eight-story building consisting of regular frames with equal 
bay sizes and a four-story building with different bay and 
story sizes and partial infill walls are considered to be lo-
cated in Los Angeles, CA for evaluating the performance of 
the infill wall with fuse system in a high seismic zone. The 
seismic design forces are calculated using ASCE 7 [36] as-
suming normal conditions, e.g., Seismic Use Group I, Site 

Class C, and R=8 (special steel moment resisting frame sys-
tem) for the eight-story, and R=4.5 (intermediate steel mo-
ment resisting frame system) for the four-story building. 

Example 1: Eight-Story Building 

 A hypothetical eight-story office building with the plan 
area of 80 feet (24.38 m) by 75 feet (22.86 m) and the story 
height of 12 feet (3.66 m) as shown in Fig. (8) serves as the 
first example. A total gravity load of 150 psf (7.18 kN/m2) is 
assumed for all levels. The longitudinal direction of this 
building with 4 bays is considered here. A masonry infill 
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Fig. (8). Eight-story office building example (1 in. = 25.4 mm). 

wall with 8 in. (203 mm) thickness and a masonry tensile 
strength of 125 psi (0.86 MPa) are assumed for all panels 
(considered medium wall). Eq. (7) was used for in-plane 
strength estimation of masonry walls. The initial cracking 
load of the masonry wall panel (taken as 40% of the ultimate 
resistance) is assumed to be the limiting criterion for the ca-
pacity of fuse element. Eq. (10) can be obtained from Eq. (7) 
for the maximum capacity of fuse elements, 

maxC , by substi-
tuting 

mt
 as discussed earlier and using a safety 

factor (SF) as follows: 
ff '05.0
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 A safety factor (SF) of 1.25 is assumed for this example. 
Eq. (10) results in a maximum capacity of 90 kips (400 kN) 
for the fuse elements to be used. The seismic story shear 
forces for one longitudinal frame are calculated and summa-
rized in Table 2 (2nd columns). For the steel moment resist-
ing frame, the resistance term related to the moment frame 
can be neglected in this example for simplicity, since the in-
plane stiffness of the steel frame columns is small compared 
to the in-plane stiffness of all the masonry wall panels [37]. 
Thus, Eq. (11) can be obtained from Eq. (9) as follows: 




 
m

j
ijwallitotali CVV

1  (11) 

 In order to determine a suitable capacity distribution for 
fuse elements in elevation (various stories), the ratio of seis-
mic story shear force for each story to that for the above 
story is calculated and listed in Table 2 (3rd column). For 
instance, the value of 1.22 results for the 5th story by divid-
ing the 5th story shear force (343 kips (1526 kN)) by the 6th 
story shear force (282 kips (1254 kN)). These ratios are used 
to determine the distribution of fuse element capacities in 
elevation as discussed earlier to derive the preferred se-
quence of crushing of fuse elements. Since the preferred se-
quence of crushing of fuse elements will be top to bottom in  

a building, the ratios of fuse element capacities, , in 

elevation should exceed the calculated ratios of story shear 
forces listed in Table 2 (3rd column). The appropriate capaci-
ties of fuse elements are determined and listed in Table 2 (4th 
column) as subsequently explained for various stories. 

walliV 

 Since a maximum wall strength of 90 kips (400 kN) was 
determined, a capacity of 90 kips (400 kN) is assumed for 
the 1st story’s fuse elements such that it is smaller than the 
shear capacity of the masonry infill wall. The desirable max-
imum capacity for the 2nd story’s fuse elements is determined 
by dividing the assumed capacity of fuse elements in the 1st 
story, which is 90 kips (400 kN), by the calculated story 
shear ratio for the 1st story, which is 1.02. This results in a 
capacity of 88 kips (391 kN). Thus, if the capacity of fuse 
elements in the 2nd story is taken to be smaller than 88 kips 
(391 kN), those elements will be expected to crush before the 
fuse elements of the 1st story, which is desirable to eliminate 
soft story mechanism. To designate capacities in multiples of 
5 kips (22 kN), a capacity of 85 kips (378 kN) is assumed for 
the 2nd story’s fuse elements. Similarly, for the 3rd story, the 
desirable maximum capacity is 85 kips/1.04 = 81 kips (360 
kN), thus a capacity of 75 kips (334 kN) is assumed. The 
result of this procedure, which is listed in  
Table 2 (4th column), completes the selection of the required 
fuse element capacities.  

 To verify this design, the sequence of crushing of fuse 
elements in elevation is checked next. The sum of fuse ele-
ment capacities for each story is calculated by multiplying 
the capacity of each element (4th column) by the number of 
bays in each story as listed in Table 2 (5th column). This is 
for the case of using the same capacity for fuse elements in 
all bays of a given story. The ratio of story fuse elements 
capacity (5th column) to the story shear force (2nd column) is 
calculated and listed in Table 2 (6th column). The sequence 
of crushing of fuse elements in elevation can be determined 
by comparing the order of these ratios in Table 2 (7th col-
umns), which shows that the crushing sequence is from top 
to bottom, as designed.  
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 The information in Table 2 implies that for this eight-
story building example, the specified fuse elements crush 
under the design seismic loads to protect cracking and failure 
of masonry infill walls. The 8th story’s fuse elements crush 
first at 36 percent of the total seismic design load. The fuse 
elements of the 1st story crush last at 81 percent of the total 
seismic design load. Thus, if a weaker earthquake with ef-
fects less than 36 percent of the design earthquake occurs, 
none of the fuse elements will be expected to crush. In the 
last column in Table 2, the ratio of fuse element capacity to 
the masonry infill wall cracking capacity (90 kips (400 kN)) 
is calculated for each story. These ratios indicate the per-
centage of masonry wall capacity under which the designed 
fuse elements are expected to break and imply the beneficial 
effects of the masonry walls being effectively used. For in-
stance, under design seismic loads, the walls of the 8th, 4th, 
and 1st stories become isolated at their 11, 72, and 100 per-
cent capacities, respectively. In other words, the masonry 
walls of the 4th story contribute to the lateral resisting system 
until the walls experience 72 percent of their capacities; af-
terward, they are disengaged by crushing of fuse elements.  

 It can be concluded for this example that low to moderate 
earthquakes will not cause the fuse elements to crush. In 
moderate to strong earthquakes, some of the upper stories 
fuse elements will crush, while they will all crush in a strong 
earthquake event. For instance, it can be predicted from  
Table 2 that if an earthquake equivalent to 70 percent of the 
design earthquake occurs, only the fuse elements of top five 
stories (the 8th, 7th, 6th, 5th, and 4th stories) will crush. This 
example demonstrates that the proposed fuse system can act 
as intended to minimize the possibility of the masonry walls 
getting cracked and the frame experiencing premature failure 
in earthquakes. At the same time, this system can use the 
beneficial effects of masonry walls in a controlled (pre-
determined) manner. 

Example 2: Four-Story Building 

 To illustrate the effects of variations in bay size and infill 
height (e.g., partial height), a four-story hypothetical build-
ing as shown in Fig. (9) is considered next. The structural 
system includes an intermediate steel moment resisting 
frame system (R=4.5). The plan area is 75 feet (22.86 m) by 

Fig. (9). Four-story building example (1 in. = 25.4 mm). 

 

Fig. (10). Applied seismic loads and wall capacities for four-story building example (1 kip = 4.448 kN). 
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55 feet (16.76 m) and the story heights are 15 feet (4.57 m) 
for the first story and 12 feet (3.66 m) for the next three sto-
ries. The longitudinal direction of this building with 4 bays is 
assumed for analysis in this example (Frame A). As shown 
in Fig. (9), the fourth story of this frame has only three bays. 
All panels of this frame have infill walls except the first story 
second panel (between gridlines 2 and 3), which is the en-
trance to the building. The other three panels of the first sto-
ry have full infill walls, while the next three stories are par-
tially infilled. A total gravity load of 150 psf (7.18 kN/m2) is 
considered for all levels.  

 Masonry infill walls with 8 in. (203 mm) thickness and 
masonry compressive strength of 2500 psi (17.25 MPa) is 
considered for all panels. The main purpose of this example 
is to show the design procedure in a more realistic example 
with varying conditions such as story height, panel lengths, 
and panels with no infill or partial infill walls. Seismic de-
sign loads are shown in Fig. (10) for Frame A. For this four-
story frame, since the sizes of walls are not the same in all 
bays, the simplified design procedure presented in the previ-
ous example needs to be generalized. The design procedure, 
which is subsequently explained, is a general method and 
can be used for any multi-bay, multi-story building with par-

tial infill and full infill walls in some or all panels and differ-
ent story and bay sizes.  

 First, the capacity of the masonry wall in each panel is 
estimated with the use of Eq. (7). In this equation, the tensile 
strength of masonry is assumed to be 5% of the compressive 
strength of masonry resulting in a tensile strength of 125 psi 
(0.86 MPa). The resulting capacities for masonry walls are 
included in Fig. (10) for each panel. Next, the stiffness of 
each wall needs to be determined. The total deflection of the 
frame at each floor level is the sum of the deflection of the 
wall and the deflection of the column above the wall (along 
the free length of the column). The in plane stiffness associ-
ated with the wall deflection, , and frame (column) de-

flection, , are calculated according to Eqs.(12) and 

(13), respectively, for each panel and the total stiffness for 
the panel, , is calculated as Eq. (14). Fig. (11) shows the 

diagrammatic design procedure and the summary of calcula-
tions for this example.  

wallK

frameK

totalK
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Fig. (11). Calculations for four-story building example (1 kip = 4.448 kN). 
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 The calculation related to each panel is shown on that 
panel in Fig. (11). The top part of this figure presents the 
parameters and formulations used for each panel as a guide. 
The wall, frame, and total stiffness are included in the top 
part of each panel. The ratio of the resulting stiffness of each 
panel to the total stiffness of the story is calculated and listed 
in parenthesis for each panel (Step 1). In the lower part of 
each panel in Fig. (11), there are two columns. The first col-
umn presents the capacity of the fuse element, in which the 
first number, , (top number) is the capacity of the wall 

(maximum allowed capacity of fuse element) as the first 
trial; the second number, , (middle number) is the sec-

ond trial; and the third number, , (bottom number) is the 

third trial (the final design) for fuse element capacity. The 
second column represents the story shear resistance associ-
ated with the trial fuse element capacity.  

1
fuseC

2
fuseC

3
fuseC

 The design of fuse element’s capacity starts from the first 
story and continues to the top story (from bottom to top). For 
the first story, initially, for each panel, the maximum allow-
able capacity of fuse element is considered as the first trial, 

. The story shear resistance associated with this capacity, 

, is calculated using Eq. (15) and listed as the first num-

ber of the second column (Step 2). 

1
fuseC

1
storyV

stiff

fuse
story R

C
V

1
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 (15) 

 In the next step, the second trial for story shear, , is 

selected to be the minimum of (1)  of the four panels of 

the first story and (2) the story design shear force. The ca-
pacity of the fuse element associated with this story shear is 
calculated using Eq. (16) and listed as the second number, 

, for each panel (Step 3). 

2
storyV

1
storyV

2
fuseC

stiffstoryfuse RVC  22

 (16) 

 The third trial of fuse element capacity, , is chosen as 

the final design. For this purpose, it is assumed that the 
grades of fuse elements are increasing in increments of 5 
kips (22 kN). Thus, if a capacity of 48 kips (213 kN) is cal-
culated for ,  is taken as 50 kips (222 kN). Simi-

larly, the story shear associated with this capacity is calcu-
lated as Eq. (17) (Step 3). 

3
fuseC

2
fuseC 3

fuseC

stiff

fuse
story R

C
V

3
3 

 (17) 

 The smallest value of  for the four panels of each 

story is the final story shear resistance. Lastly, the ratio of 
the story shear resistance to story shear force (

3
storyV

 ) is calcu-
lated and listed in the top left side of each story (Step 5). 
This procedure is applied for the rest of the stories from bot-
tom (the 2nd story) to top (the 4th story). The only difference 
between the procedure for the first story and the other stories 
is that in Step 2,  is the smallest value of: (1)  of the 

panels; (2) the story design shear force, and (3)  as 

defined in Eq. (18), in which,  is the story design shear 

force, 

2
storyV 1

story

iV 

V

itlim

designiV 

1i  is the ratio of story shear resistance to story shear 

force of the lower story, and 
i  is a coefficient smaller than 

unity that controls the sequence of the crushing of fuse ele-
ments in elevation per designer’s choice. A value of 1.0 for 

i  causes simultaneous crushing of fuse elements of the two 

stories. On the other hand, very small values for 
i  result in 

lower fuse element capacities for stories above, which will 
be inefficient. Thus, it is recommended to select a number 
between 0.85 and 0.95 for

i . 

designiiiiti VV    1lim  (18) 

 The designed fuse elements are listed in Table 3 (3rd col-
umns).The 

i  ratios (6th column in Table 3) show that the 
sequence of crushing is from top to bottom with increasing 
values of 

i  ratios. It is 0.54, 0.60, 0.64, and 0.68 for the 4th, 
3rd, 2nd, and 1st stories, respectively. Similar to the previous 
example, the results and advantages of fuse system can be 

Table 3.  Four-story Building Design Example 

Story 
Story Shear 

kip (KN) 
Fuse Element Capacity-kip (KN) 

Story Shear 
Capacity Kip 

(KN) 

Story Capac-
ity / Story 

Shear 

Fuse Crush-
ing Se-
quence 

  1st Bay 2nd Bay 3rd Bay 4th Bay    

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

4 136 (605) 20 (89) 20 (89) 35 (156) NA 73 (325) 0.54 1 

3 250 (1112) 30 (133) 30 (133) 60 (267) 30 (133) 150 (667) 0.60 2 

2 326 (1450) 50 (222) 50 (222) 60 (267) 50 (222) 208 (925) 0.64 3 

1 367 (1632) 100 (445) NA 55 (245) 100 (445) 250 (1112) 0.68 4 
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discussed for this example as well. However, this example is 
limited to presentation of application of design approach and 
process. 

CONCLUDING REMARKS 

 A design approach was presented for the proposed infill 
wall fuse system. This included the use of empirical equa-
tions for the design and prediction of the in-plane strength of 
masonry infill walls equipped with the structural fuse sys-
tem; sizing and specifying the capacity arrangement for fuse 
elements in multi-bay multi-story frame buildings, and de-
sign checks for induced concentrated loads on structural 
frames due to their interaction with fuse device. The sug-
gested design approach was then illustrated as applied to two 
building examples: a low-rise (four-story) and a mid-rise 
(eight-story) building in high seismic zone of Los Angeles, 
CA. It should be mentioned that these results are based on 
static load application and that the lateral load distribution 
can change in actual dynamic load application. Follow-up 
work is needed to refine the proposed design approach for 
situation when cyclic and dynamic loading is applied to the 
system.  

 Based on the study reported in this paper the following 
remarks can be made: 

 (1) The proposed design approach can determine the ap-
propriate capacity (grade) arrangement for infill wall fuse 
elements in elevation and in bays with different geometry 
and conditions to achieve a suitable sequence of crushing of 
fuse elements and eliminate development of soft-story 
mechanisms. The proposed process can be programmed and 
included into the finite element programs used in structural 
analysis and design. 

 (2) For efficient use of masonry wall in-plane strength 
and stiffness in a system equipped with fuse elements, the in-
plane flexural induced uplift failure of wall should be elimi-
nated. This can be done by providing adequate strength for 
the vertical tie-down element. 

 (3) Crushing of fuse elements in a building structure de-
pends on several parameters including intensity of earth-
quake, strength and stiffness properties of masonry walls and 
geometrical parameters of the building (i.e., wall and panel 
sizes). Based on the results of the two examples discussed in 
this paper, the following statements can be made for typical 
buildings:  

a) In typical low-to-mid rise buildings in low seismic 
zones, the fuse elements may not crush. Thus, the de-
signer may choose to use traditionally integrated ma-
sonry infill walls. However, it is always safe to use the 
fuse-like elements to ensure safety for a more conserva-
tive design or for performance-based approach (i.e., 
damage to be minimized). Furthermore, the designer can 
alternatively decide to use lighter or weaker masonry 
walls with an infill wall fuse system, which can lower 
the construction cost while maintaining the structural 
performance. 

b) In typical low-rise buildings in high seismic zones, some 
or all of the fuse elements are expected to crush. 

c) For typical mid-to-high rise buildings in high seismic 
zones, all of the fuse elements are expected to crush. 

d) Minor-to-moderate earthquakes may cause the crushing 
of some or all of the fuse elements in high rise build-
ings. 

 (4) In the analysis and design of the confining frame 
equipped with infill wall fuse system, its interaction with the 
infill wall panel before crushing of fuse elements needs to be 
taken into account (global effects). The confining frame 
needs to be checked for the induced concentrated compres-
sion and tensile forces due to interaction with fuse devise 
(local effects).  

 (5) The proposed fuse system can be used for seismic 
retrofit and upgrade of existing and old buildings as well as 
in new constructions. 

 It should be mentioned that the specific actions of design 
procedure presented in this paper one meant to be used for 
fuse system with rigid-brittle elements only. However the 
concept and approaches can be expanded and utilized for 
systems incorporating fuse elements with alternative design 
(i.e., fuse element with spring or dashpot components). The 
structure and details of fuse concept are not commercially 
developed yet. The protection of the fuse element against 
environmental effects and possible material deterioration 
shall be considered when providing detail for final develop-
ment of the system. 
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NOTATION 

 The following symbols are used in this paper: 

A = cross section area of wall 

Ae = effective area of masonry wall 

Ash = horizontal steel area 

Asv = vertical steel area 

Ci = the Shing et al. [23] equation constants (i=1, 
2, 3, 4, 5) 

Cij = capacity of fuse element in story i and bay j  

Cmax = maximum capacity of fuse element 

Crh = horizontal steel capacity reduction factor 
j
fuseC  = fuse element capacity trial j 

Efr = modulus of elasticity of frame 

Em = modulus of elasticity of masonry wall 
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Fi = applied lateral load at floor level i 

H = total height of wall panel 

I = moment of inertia of frame 

frameK  = in-plane stiffness of frame 

wallK  = in-plane stiffness of masonry wall 

totalK  = in-plane stiffness of infilled frame 

L = total length of wall panel 

Mn = nominal flexural strength of wall 

N = vertical tie-down load 

R = lateral force-resisting system over strength 
coefficient 

stiffR  = relative stiffness of each bay in story 

SF = safety factor 

V = nominal shear strength of wall 

Vm = shear resistance contribution of masonry 

Vp = shear resistance contribution of axial com-
pression 

Vsh = shear resistance contribution of horizontal 
steel 

Vsv = shear resistance contribution of vertical steel 

j
storyiV   = story shear resistance due to fuse element 

story i trial j 

designiV   = story i design shear force 

reqdiV   = Applied/required shear force at story i 

braceiV   = resistance of brace at story i 

frameiV   = resistance of frame at story i 

walliV   = resistance of masonry wall at story i 

totaliV   = total resistance of infilled frame at story i 

itiV lim  = limiting shear resistance for story i  

b = shear stress distribution factor = 1.5 for 
, 1.0 for , r for  5.1r 5.1r 0.15.1  r

c1 = 0.0018 psi/  

c2 = 2.0 psi  

c3 = 1.0 psi  

d = effective depth of wall  

d’ = the centroidal distance of the vertical steel to 
the nearest jamb 

drv = diameter of a single vertical steel 

fm = compressive strength of embedding mortar or 
grout 

f’m = compressive strength of masonry 

ft = tensile strength of masonry 

fyh = horizontal steel yield strength 

h = elevation of applied in-plane load (location 
of fuse element) 

h’ = elevation of center of horizontal compression 
stress at wall corner 

k0 , ku  = constants equal to 1.0 for fully grouted ma-
sonry wall 

l = horizontal distance between tie-down ele-
ment and jamb 

l’ = horizontal distance between center of com-
pression stress and jamb 

r  = wall aspect ratio = H/L 

s = spacing of horizontal steel 

t = thickness of wall 

h  = horizontal steel capacity reduction factor 

i  = ratio of story shear resistance to story shear 

force 

v  = wall shear ratio = r'  

  = h/l 

i  = fuse element sequence control factor in story 

i 

  = 1.0 for fixed ends walls, 0.6 for cantilever 
walls 

   = constant equals to 1.0 for fully grouted ma-

sonry wall 

  = stress distribution factor (= 0.85 for equiva-
lent rectangular stress block method) 

h  = horizontal steel ratio 

v  = vertical steel ratio 

c  = axial compressive stress 

o  
= cohesion 

  
= wall aspect ratio coefficient in NEHRP [31] 

equation = 0.96-0.68Log(r) 

 ’ 
= 0.5 for fixed ends walls, 1.0 for cantilever 

walls 
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