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SUM/,j,\RY 

The paper includes a brief review Df the "equiva lent strut" and the 
"braced frame" methods and compares their relative merits and limitations. 
Both the lateral strength and lateral stiffness predicted by each procedure 
are compared for a typical infilled frame component . 

Following this a simplified design methodology i 5 outlined and discusse d. 
Although the suggested approach 1S cautious and conservative, it 1s expected 
that notable economy will be achieved in construction, particularly in coun­
tries or regions where the availability of low cost labor makes bri ck masonry 
1ess expensive than concrete or steel. 

The procedure is recommended only for structures of 1ess than 15 stories 
in height. 
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Introduction 

In the design of framed structures, masonry panel infills have tradition­
ally been treated a~ nonstructural component s . The ability of unreinforced 
non - Ioad-bearing masonry panels to withstand horizontal forces is indeed low. 
However, it was shown over two decades agoCI) * that bounding a masonry panel 
with a steel or reinforced concrete frame significantly improves its strength 
against racking loads. Considerable effort has since been made to study the 
nature of the wall - frame interaction which, as is now widely recognized, could 
result in appreciable economy in designo 

The concept of an tequivalent strut t was originally employed by HolmeJ2,3) 
as a means of calculating the ultimate l ateral strength of the infill-frame 
system. This concept was further refined by Stafford Smith(4,S) and a method 
of anal ysis for infilled frames was proposed(6) . More recently, the concept 
of a tbraced-frame mechanism' has been employed by Lefter(7) to assess the 
s trength and stiffness of the system after the infill cracks . Lefter has sug­
gested a detailed procedure which also covers mason r y infill panels with open ­
ings. There have been other attempts emp loying stress functions and finite 
element techniques to compute the lateral strength of infilled frames but, QW­

ing to significant cracking of the panels, these teduüques necessarily involve 
complex and complicated computation work and are not considered to be of prac­
tical interest at present. 

Even though the present knowledge of the behavior of infilled frames is 
inadequate in several aspects , it is believed that the time has come to selec­
tively employ this knowl edge to achieve greater structural economy. This 
paper endeavors to outline a procedure that could be used to design low to 
medium ri se reinforced concrete frames for lateral strength taking into account 
the contribution of infill masonry. 

Lateral Strength 

It will be useful t o start wi th a brief review of the two methods proposed 
by Stafford Smith and Carter(6) and Lefter(7) and to compare their relati ve 
merits and limitat ions. 

Equivalen t Frame Method - The equivalent frame concept is now well devel­
oped and has been substantiated by a fair amount of experimental work with in­
fi lls without openings, assuming that the infil1 and the frame, while closely 
in contact, are not deliberately bonded to gether. Under the application of 
horizontal loads, the infill separates from the frame over a large part of the 
length of each side and the contact that remains suggests that the infill act s 
as a diagona l strut to brace the frame and contribute to its strength and stiff­
ness. The teffective width ' of thi s ' equivalent' diagonal strut depends not 
only on the dimensions and physical properties of the infill material but a l so 
on its length of contact with the surrOl.D1ding frame. Thi s l ength of contact is 
i n tum dependent on the relative stiffness of the infill to that of the frame 
which is approximately defined by the relation 

.,/h = TI / 2>-h (I) 

"'Refer to Referen ces 
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in which ~ is the length of contact, h is the height of the frame panel between 
centerlines of beams and Àh is a non dimensional parameter expressing the rela­
tive s tiffness of the frame to the infill. The term, À, is analogous to the 
characteristic used in beams on elastic foundations and has the value: 

À = 4 
1 t 5m 2 e 

4E I h' 
(2 ) 

where El, t, and h' are the modulus of elasticity, thickness and heigh t of in ­
fill respectively; E and I are the elastic modulus and moment of inerti a of the 
column; and 6 is the slope of the infill diagonal to the horizontal. 

Experimental investigation has indicated that variations in beam stiffness 
have little effect on the behavior of the system. The relative stiffness para­
meter Àh, which is thus independant of the beam stiffness, assumes an important 
position in the equivalent frame concept. AlI important properties of the sys­
tem, viz ., the length of contact, the equivalent strut width and the strength 
of the system against various modes of failure have been expressed graphically 
in terms of Àh in reference (6). 

Assuming that the frame has sufficient capacity to 'bound t the infill, that 
i s , the windward column is safe with respect to tensile failure, the leeward 
column has adequate capacity in compression and, anchorage failure of reinforc­
ing steel will not occur, the failure of the infill masonry can theoretically 
take place in one of the following modes: (a) shear cracking along the brick­
motar interface; Cb) tension cracking through the mortar joints ; Cc) crushing 
in one of the compression conl.ers of the infil l. Because of the inherent weak­
ness of masonry in shear and tension, the compression failure mode may be dis­
regarded since one of the other two medes of failure will always be attained 
well before the compressive stresses reach the capacity limit. 

The method recommended by Lefter (7) for calculating the shear capaci t y of 
an uncracked filler \vall is simple and straight forward and is independant of 
any parameter such as À. For panels without openings the horizontal area ofin­
fill multiplied by the shearing bond strength Df the panel masonry gives the 
system capacity against lateral forces. A similar method to assess the lateral 
strength for panels with openings is used, although the capacity is restricted 
to the shear that will cause flexural cracking of any pie r in the panel. 

A braced frame mechanism is employed t o assess the strength of the system 
after the infill cracks. The concept assumes a particular pattem of cracking 
which may not always be achieved in practice although i t is claimed to give a 
conservative estimate of the post cracking lateral st r ength of the frame. 

Comparing the two methods, it would appear that Lefter's approach is an 
bversimplification of a complex problem and that such simplificat ion would lead 
t o aSSessments of strength which may be far from reafistic. A c loser study, 
however, reveals that for most practical cases involving reinforced concret e 
frames and masonry infills, this simple approach has much to commend it. In 
fact the working strength of the system as determined by the two methods is in 
fair agreement. 
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Lefter' s assumption that the precracking strength of the infill is gov ­
erned only by the panel shear capaci ty is in fact corroborated by the curves 
given by Stafford Smith and Carter in Reference (6). Figure 1 gives a gr aphi c 
relationship between the ratio of panel tensile strength to shearing strength 
(coefficient of internaI friction ~ = 0.6) and the parameter Àh for various 
aspect ratios (based on Figures 8 and 9 in Reference 6). It is seen that even 
for the lowest practical values of QJh, tensile failure of the pane! could pre­
cede shear failure only if the infill masonry tensile strength is less than 70% 
of its shear strength. (From Ref. (9) J shear bond strength of concrete masonry 
specimen with type M mortar is around 60% of the corresponding tensi1e bond 
strength. ) 

A t~ical single bay frame having 305 mm square concrete col umn s (f~ = 
20.5 N/mm ) reinforced with 4 - #6 grade 50 bars, filler masonry of brick 
( f~ = 5.5 N/mm2) and a frame height of 3. 7 m waS chosen to compare the varia­
tion in lateral strengths (based on aIlowable workin g stresses) given by the 
two methods for aspect ratios ran ging from 0.8 to 2.5 and infill thicknesses 
varying from 115 mm to 230 mm. The results of the comparison are graphically 
presented in Fig. 2. AIso, two extreme cases, within the range of possibility 
in actual practice, were picked to represent the limiting va lues of Àh for the 
type Df structures under consideratian. The limiting values of Àh were found 
to be 7.6 for a flexible column and stiff infill and 1. 3 fo r a stiff column and 
re lative l y flexible infill, represented by cases A & B respectively in Fig. 3. 
The maximwn variation in lateral strength computed by the panel shear strength 
adopted by Lefter is -35% to +18% compared to the corresponding values obt ained 
by the equivalent frame method. This variation is for extreme cases; the usual 
range is between la to 20% and the panel shear st rength gives conservative 
values in most cases . Considering the statistical nature of materiaIs . such H 

variation is of little import and the two methods agree in the results of com­
putation of lateral strength. 

Figures 2 and 3 also indicate the lateral s tren gth of the 'braced frame 
mechanism' of the system (whi ch i s independant of k /h ratio ) after the failure 
of infill masonry (values are converted to working strength assuming a load 
fac tor of 1.4). It wiU be seen that in JOOst cases the system will have passed 
the peak of its strength when the infill cracks and that in general littl e re ­
se rve strength is available against total collapse after the infill fails. This 
wil l be particular1y true if the desi gn is based on the contribution of the in­
fi U to l ateral strength whi ch will necessarily resul t in smaller columns wi th 
l owe r moment carrying capacity. The important role played by the infill in re­
sis ting latera l forces is thus clcarly illustrated . 

Lateral Stiffness 

In the assessment of lateral stiffness the two methods have different ap­
pro aches . The equivalent frame method envisages the replacement of the infill 
by a di agonal strut resulting in an equivalent truss which may be solved for 
forces and displaccrnents. Computations of displacements will involve evalu­
ation of the familiar expression FUL/AE for each member of the truss. The 
' area ' of the diagonal will be based on the 'effective' width of the equi va lent 
strut. The equivalent strut width is a function of the l ength of contact be­
tween the frame and the infill and is thus dependant on the latera l load ap­
plied to the frame and reduces as the lateral load increases . 

Lefter likens the uncracked systern to a cantilever beam and estimates the 
lateral st iffness of the frame wall as the reciprocal of the sum of deflections 
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due to bending and shear, using transformed sections: 

K 
1 

1.2 hw 
A ·G w w 

(3) 

where K = initial stiffness of frame wall system, h = distance to mid height of 
beam, hw = height Df infill wa11, E = modu1us of elasticity Df concrete, It = 
moment of intertia of total frame wall system (transformed sections), Aw = area 
of wa11 (transformed sections), Gw = modulus of rigidity of wa11 material. 

It has been suggested that the relative stiffness of a mu1ti-bay system 
can be estimated from the above equation considering only the exterior colurnns 
and the total area of infil1 walls and inner co1unms. \\Ihile simple methods to 
account for the effeet Df openings in the above proeedure are avai1able, it is 
to be noted that the influenee of moderate size openings on the stiffness of 
the overall system is minor and can be neglected. 

A comparison of the two methods indicates that neither may be close enough 
to the true stiffness of the system. It has been shown that unbonded infi11s 
subjected to lateral loads separa te from the bounding frame for a part of the 
length of both columns and beams. The system would therefore not be as stiff 
as the cantilever beam ana10gy would indicate. On the other hand the assump­
tion of pin connections in the equivalent frame, ignoring the stiffness intro­
duced by the monolithic construction of reinforced concrete frames, would make 
the system appear more flexible than it really may be. The latter method a1so 
suffers from the scvcre handicap Df its inability to handle infills with appre­
ciable size of openings and the complications that would resuIt in considering 
a multibay frame with structural infil1s existing only in seleeted panels. 

Forttmately, there are tiYQ reasons indicating that the simpler method sug­
gested by Lefter could be applied to practical design problems: 

(a) 50 10ng as the design is based on working strength and the allowable 
panel shear capacity governs the design for lateral strength, the separation 
between the bounding frame and the infill will, at working loads, be minimal; 
(b) Since the frame stiffness values are required only for comparison between 
various frames in a particular structure, shortcomings of the computation 
method are by and large neutralized. 

Considerable thought has been given to the effeet of openings in the panel 
infills upon the lateral stiffness and strength of the system. Suggestions 
based on experimental verification have been made(B) for positioning of open­
ings to minimize the reduction in strength and stiffness of an infilled frame 
even though no satisfactory method of estimating either has yet been evolved 
that could be used without reservations in the practical design of a structur~ 
This lack of knowledge will inhibit the designer in exploiting the ful1 poten­
tial of the infilled frame strength where openings are presenL A selective 
approach is recommended so that the best possible structura1 infills are iden­
tified and determined at the initial planning stage Df the strueture. The 
openings in such panels have to be minimized and judiciously loeated 50 as to 
least interfere with the structural functions of the infil1. 
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The Design Procedure 

The object of suggesting the design procedure that follows is to exploit 
the potential for lateral strength of the infill-frame system 50 that economy 
of construction could be achieved. Notwithstanding the fact that the approach 
is cautious and conservative, it is expected that notable ecanamy will be 
achieved particularly in countries and regions where materiaIs like brick ma­
sonry are far cheaper than steel ar concrete. It is to be noted that the pro­
cedure suggested has in view reinforced concrete frames with unbonded (i.e., 
without shear connectors) brick or block masonry panel infi1ls of say up to 15 
stories in height. It could, however, be possible to extend the scope ofthese 
suggestions to cover other types of framed structures and for a greater number 
of stories. 

At the stage the building plans are formu1ated, location of structural in­
fi11 pane1s shou1d be decided joint1y by the architect and the engineer. A 
rough assessment of the total story shear (due to wind ar earthquake) can be 
rnade to judge the quantity of waII area required to withstand the lateral Ioads 
of each story. This should heIp in locating the most suitable set of panels 
that could be used for structural infil1s and pIanned as such in the architec­
turaI arrangement 50 that openings are excluded ar minimized. As the required 
structural infill area increases (in the lower stories), the engineer has a 
choice of increasing the number, thickness or strength (or any combination of 
these) of the infill but it is not essential that a structural infill in an 
upper story panel should be repeated in the 100ver stories also. Since the 
gravity loads are carried by the columns and beams of the frame and as long as 
the floor system acts as a rigid diaphragm in distributing lateral forces 
amongst various resisting frame-infill systems, there is a choice of altering 
the structural infill locations floorwise or panelwisc. This flexibility is 
expected to offset the constraints pIaced on the Iocation and size of openings 
in the infil1s which must be eIiminated or minimized. 

Having decided upon the location of the structural infill panels, the rel­
ative lateral stiffness of the individual frames in either direction can be 
worked out in the manner suggested by Lefter. If the arrangement varies from 
fIoor to fIoor, the reI ative stiffness has to be calculated at each floor. At 
this stage only structural infills should be considered in the stiffness cal­
cuIations even though the arthitectural arrangements may incIude constructian 
of other masonry infills which, because of sizeabIe openings, are not cOilllted 
towards structural strength of the system. 

The next step will be to determine the required strength of the infills to 
withstand the lateral forces. The aIlowable shear strength of infiiI masonry 
should be based on the relevant specifications (BIA, NC~~ or ACI). Lefter's 
method will be simpIer to use but it is suggested that for aspect ratios 
greater than 1.75, Stafford Smith and Carter's curves be used, where applica­
ble, for comparison and the lower vaIue be adopted for design. Alternatively, 
an arbirtary reduction factor may be applied in situations where the equivalent 
frame method cannot be conveniently used. A value of 0.8 is suggested for in­
fills which have Àh value higher than 5 and 0.9 for Àh values bet\veen 3 and 5. 
No reduction need be applied to frames with Àh values Iower than 3. No reduc­
tion would be required for aspect ratios lower than 1.75. 

The ability of the floor system to act as a diaphragm for distribution of 
lateral forces could be check with conventional methods. No special trcatment 
of this issue is needed. 
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It has to be ensured t hat the frames ar e s trong enough not only to sup­
port the vertical l oading but also t o r es i s t the overturning forces induced in 
the co l umns by the l ateral forces on t he sys tem. Windward columns need to be 
checked for tension while the leeward co l umns wi ll have addi tional co mpress ion 
due to the overturning effect . Bes i des , t he columns shoul d be strong enough 
to \áthstand the pane l sheÇl.r at the base of the compression co l unm at its jWlC­
tion with the equivalent s t rut . Loads given i n Fig . 4, as suggested by Left er , 
may be used to determine the overturning fo r ces in the frame. Final l y, i n 
order to complete the requir ements of t he frame ability to ' bound' the infill 
effectively, it has been recommended that r einforc ing bar s should be anchor ed 
50 as to develop 1. 25 times the yi el d s tress in t he bar . The length of anchor ­
age for full development, confir ming t o t his recommendation may be taken as 

~ ... here 

la 
~ (1 . 25) (.04)fy 

fe ' 

l a deve l opment l ength of re i nforcing bar 
fr yie l d stress af r einforci ng bar 
Ab area of reinfo r cing bar 
fc' concr ete st rength. 

The treatment of pane 1 \valls with openings which ar e not considered t o 
contribute to the design strength of the sys t ems coul d be done in two ways: 

(4 ) 

(a) adopt me thods of const ruction to cnsure that sueh infill s do not eon­
tribute to the stiffness of the frame . 

(b) Use some or alI of them t o pr ovide reserve l a t eral strength against 
collapse if the design fo r ces are fo r some r eason exceeded . This could be done 
on the basis of relative stiffnesse5 t ak ing into acco unt such walls and follow­
ing the method sugges ted by Lefter. The effee t of l at eral forces attraet ed by 
these \'ialls on columns shal l have to be considered and provided f or. Thi s may 
not, however, involve any sizeable ext r a cos t s . 

It is in fact recorrunended that wherever masonry infill s are specified, these 
shou ld be used either as structura l in f i l l s or fo r developing reserve strength 
if the latter can be dane "" i t haut much ext ra cost. 

Conclusion 

It i 5 time not merely to recagni ze the po t enti a l fo r economy in f r amed 
5tructure design if pane! infi ll s are treat ed as s t ructura l elements contribut­
ing to the lateral 5trength of the sys t em, but t o put into practice the exist ­
ing state of knowledge and derive benefi t s from it , A conservative appra ach i s 
suggested because any economy that i nvo l ves risk to the safety and s t abil i tyof 
the structure is not accept ab l e . Even 50 , conside r ab le saving in framing cos t s 
is expected and the avera ll economy wi ll be apprec iabl e particul arly in coun­
tries/regions where availabi lity af cheap l abo ur makes masonry a much less e x­
pensive materaial than concret e or steel. The infille d frame structure has the 
added advantage of great er f l exibility of floa r space utili zatian as vari ation 
in floorwise location af infil l s is possib l e . No special techniques ar e 
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involved . The only requirement is that there should be con tact between the 
frame and the infill masonry which should not be difficult to achieve in prac­
tice. 

The procedure could a1so be used to check the lateral strength of exist­
ing framed structures and to devise measures to strengthen existing structures 
where needed. 
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