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PRINCIPLE NOTATIONS 

ah, a, cross-section area of column and beam of the bounding 

frame, respectively. 

a 
Wh, 

awl cross-section area of column and beam of the equivalent 

frame (wall containing opening), respectively. 

d length of the diagonal. 

E, EW modulus of elasticity of frame and wall respectively. 

e column deformation or elongation. 

f coefficient of internal friction. 

fw ultimate compressive strength of brickwork. 

fl, f2rf3,,,.., fn axial forces in the columns. 

h, 1 height and length of frame (centre lines), respectively. 

hw, 
w 

height and length of wall, respectively, 

h', 1' height and length of the equivalent frame (wall 
w. w 

containing opening) respectively. 

'h' I1 

Jh, 
_J1 

second moment of area of column and beam of the frame, 

respectively. 

second moment of area of column and beam of the equivalent 

frame (wall with opening), respectively. 

K, S lateral stiffness . 

P lateral load. 

pcr Pult cracking and ultimate load, respectively. 

R- diagonal load carried by the wall. 

T shear strength of brickwork. 

t wall thickness. 

U strain energy. 

u shear bond strength of brickwork. 
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w effective width. 

al, ah length of contact with the beam and the column, 

respectively. 

e diagonal angle. 

Q compressive stress. 

ö, A deflection. 

Cc strain of brickwork at failure. 

Angle of rotation of rigid floor. 

C 
A+B+C 

fEwt sin29 4Ewtsin2e 

w 
h' 

ýl 
EI11 hw ' 4EIý 1 respectively. 
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ABSTRACT 

Masonry. walls in frame buildings are generally considered as non- 

structural elements and their contribution in resisting lateral loads 

has therefore been neglected in. the design of frame type structures. 

However, recent experiments as well as practical buildings have shown 

that the stiffness and strength of a frame are greatly increased by 

the presence of an infill, due to the high in-pla-. e stiffness of masonry 

infills and the composite action of the frame and the infill. 

In this investigation the detailed behaviour of brickwork infilled 

frames with and without opening has been described and discussed in the 

light of a large number of small-scale experiments. The experiments 

have been carried out mainly on single storey panels. It has been 

shown that the strength and stiffness of the panels are influenced by 

many factors, such as, frame stiffness, h: 1 proportion, the presence 

of adjacent infills, frame joints rigidity, gaps at the interface, and 

the bond strength of the mortar used in construction. Two modes of 

failure have generally been observed; shear cracks along the brick- 

mortar interface and crushing of the brickwork near, the loaded corner 

defining the ultimate carrying capacity of the panel. 

The complex behaviour of masonry infilled frames and the wide 

variation in experimental results discourage the analysis of such a 

system by refined theoretical methods. In this investigation emphasis 

is given to simple approximate approaches. On the basis of an equi- 

valent diagonal strut, the panels have been analysed for stiffness pre- 

diction. Approximate methods are also given to predict the lateral 

strengths at cracking and at ultimate. In all cases results compare 

satisfactorily/ 
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satisfactorily with the experimental values. For panels containing 

opening the infill has been replaced by an equivalent frame acting 

diagonally along the corners. 

On the basis of a single storey-stiffness, a. simple method for 

analysis of multi-storey infilled frames has been presented; the 

axial deformation of the frame members has been taken into account. 

The analytical study has been extended to the application of 

finite element method for analysis of single storey panels; good re- 

sults may be obtained provided that appropriate boundary conditions 

are assumed. 
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CONVERSION FACTORS 

Imperial Units SI units 

Length 1 fc 0.3048 m 

1 in 25.4 mm 

2 2 
Area 1 in 645.2 mm 

2 2 
1 ft 0.0929 m 

4 -6 4 
Second Moment of Area 1 in 0.4162. x10 U1 

Mass 1 lb 0.4536 Kg 

Force 1 lbf 4.448 N 

1 ton f 9.964 KN 

2 2 
Pressure 1 lbf/ßn 6.895 KN/m 

Moment of. Force 1 lbf in 0.1130 Nm 
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CHAPTER 1 

INTRODUCTION 

1.1 GENERAL 

In the design of tall buildings, adequate lateral stiffness is 

required to resist loads which may arise due to wind, earthquake and 

blast effects. In frame-type structures, lateral stiffness may be 

achieved by rigidity of the joints, bracing members or by cantilever 

shear walls acting in conjunction with the frame. Braced construction 

or the use of shear walls to prevent sway instability would produce a 

very satisfactory structural system. The use of rigidly-jointed 

frames may not produce the most economic structure, although their 

adoption is due to other factors. 

The plastic theory is widely used to design framed structures. 

IHowever, the application of simple plastic theory to the design of 

tall buildings exposes the severe limitation of that theory. Two of 

the basic assumptions are: (a) that deflections are small, and 

(b) that instability of the frames as a whole or of individual 

members does not occur. There is no danger of-instability of in- 

dividual column lengths. This is because of the heavy sections used 

at lower storeys. However, instability of the frame as a whole is a 

more serious problem. 

Wood 
(62) 

has made extensive studies of the deterioration of 

frame stability owing to the formation of plastic hinges, and has 

demonstrated the dramatic fall in critical loads that can be expected. 

This deterioration of stability places a severe limitation on the ex- 

tent to which plastic theory may be used for design. Referring to 

the composite action induced by infilled panels in framed structures, 

Wood / 
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Wood concluded that: "As a temporary measure composite action should 

be capable of bridging the variable gap that exists between the actual 

collapse loads of elasto-plastic multi-storey bare frames, involving 

frame instability to some extent, and the collapse loads predicted by 

simple plastic theories, for only small propping forces are necessary 

to counteract instability". 

In many frame-type structures, walls and partitions are made 

of precast concrete or masonry units which are often considered to 

be nonstructural elements. They contribute remarkably to the lateral 

stiffness and strength of the structure, their contribution has not 

been taken into account and their effect has been over-looked. 

The interaction of infill materials with the structural frame 

has a most important effect on the structural behaviour. This effect 

has been clearly demonstrated in many examples of actual buildings. 

The Empire State Building is. a rigidly-jointed structure. After the 

completion of the building, during a severe wind storm, diagonal 

cracks appeared in the masonry of a number of partitions, and cracks 

were observed between the masonry and the frame. The period of 

vibration of this building has been measured under winds up to 100 

m. p. h., working back from this period of oscillation, it has been 

possible to determine the real stiffness of the whole structure. 

When compared with the stiffness of the bare frame obtained by model 

analysis, the effect of the walls and cladding were found to increase 

the stiffness to four and a half times that of the frame alone 
(41)" 

In detailed studies of a traditional pre-world war two San- 

francisco office building, it was found that the non-structural 

elements such as fire-proofing, masonry walls and stairs have a 

great/ 
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great deal to do with the dynamic properties of the building 
(5) 

. 

Studying the structural dynamics behaviour of buildings, Blume(6) has 

concluded that the strength and rigidity of traditional type buildings 

with non-calculated filler walls and partitions are many times those 

of the frames which were intended to provide the structural resistance. 

When designing a structure to resist lateral loads due to wind 

and earthquakes, it is expected to carry loads beyond the working 

-loads and with a great strain-energy capacity. It is well known 

that a structural steel frame, particularly where of a rigid frame- 

type construction, fails with a considerable strain--energy capacity 

with all the characteristic benefits of ductility. A brick wall of 

the same size, failure occurs with a pronounced brittle crack with no 

stored-up energy, the direct effect, however, of a much. greater stiff- 

ness. A composite panel, steel frame with brick infilling preserves 

both the ductility of the steel frame and the extra stiffness of the 

brick wall whilst giving a collapse load considerably higher than the 

sum of the separate components load, coupled with remarkable increase 

of strain-energy. 

Infilled panels may not only increase the stiffness and the 

damping of a structure and hence shorten its fundamental period of 

vibration, but may alter the mode of response of the structure and 

the resulting distribution of forces among the different frame 

elements. When the effect of infilled panels is included in an ana- 

lysis, it is necessary also to consider the behaviour of the structure 

when some or all of the panels are destroyed. Damage due to earth- 

quakes must be fully repaired, for they can be cumulative from one 

earthquake to the next, regardless of the length of intervening time, 

plastering/ 
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plastering and painting cracked walls are not considered as a 

structural repair. 
N 

Infilled panels may also be subjected to vertical loads due 

to earthquake or relative vertical deflection in the structure, for 

earthquakes have vertical movement as well as horizontal, and in tall 

reinforced concrete buildings relative vertical movement between ex- 
due 

terior and interior columns may occur^to: thermal expansion and con- 

traction of exterior columns, different axial load stresses in col=ms 

leading to different elastic and creep deformations of the members, 

and differential settlements of the foundations for the columns. 

In recent years, masonry cladding on framed structures which. 

has been built-in tightly between horizontal members of the frame, 

especially reinforced concrete frames, have suffered cracking and 

disruption 
ýllý, 

which have been attributed to a combination of 

structural deformation of the frame due to shrinkage, elastic and 

creep movements, and differential thermal movements of the masonry 

material and moisture expansion in case of brickwork. These dif- 

ferential movements of the structural components will impose consider- 

able forces on the panels. Buckling action could take place if these 

forces were coupled witr eccentricity. Infilled panels if considered 

as a 
.. 
structural component of the building, should be designed not only 

to resist the lateral forces, but also those which may arise from the 

possible causes of differential movements, otherwise properly designed 

(10) 
movement joints will be required Special shear connectors to 

allow for both movements and lateral load transmission may provide a 

reasonable solution for the problem. 

Apart from racking action of masonry walls in stiffening frames 

against/ 
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against lateral sway, the composite action may take other forms: 

In a deep composite beam where a masonry load bearing wall is 

built on a beam which spans between supports, composite action between 

the wall and the beam significantly affects the distribution of load 

transmitted through the wall to the beam. The composite action appro- 

ximates to that of a tied arch, the arch forming in the wall with the 

beam acting as a tie. In composite design making use of arching in 

the brickwork leads to a considerable reduction in bending moment in 

the beam 
(64) 

Deep wall beams if surrounded by members on all sides would carry 

further more vertical loading. 

Masonry walls are liable to be subjected to transverse loading, 

i. e. perpendicular to the wall plane such as: gas explosion and wind 

loading, cracking may occur for even small lateral loads. However, in 

infilled frames, wall resistance is greatly increased due to the stiff- 

ening effect of the bounding frame. The wall resists. greater load by 

acting as a flat dome. 

Infilled panels may be considered as a structural element in the 

design of vierendeel girders filled with masonry acting as a composite 

system. 

Many other forms of composite action can be found in practice 

which have not been considered, and their contributions are not taken 

into account. It must be realised that the full effectiveness of 

composite action in resisting any kind of loading will depend on the 

extent to which the frame members and joints are adequate to confine 

the wall within, frame failure prior to panel failure must be avoided. 

This investigation considers the behaviour of masonry infilled 

frames/ 



6ý 

frames under lateral loading only. In the last two decades, consider- 

able attention has been given to the study of infilled frames and their 

response to lateral loading. Investigation was led by Polyakov in 

Russia. Benjamin and Williams at Stanford University (U. S. A. ) made 

an extensive study on the behaviour of shear-walls and infilled frames. 

In Britain, Wood, Holmes and Smith investigated the behaviour of in- 

filled frames, later followed by others. (A detailed review of these 

investigations is given in Chapter 2). 

The earlier approaches tq the problem have varied widely, because 

of the different assumptions being made, the prediction of the behaviour, 

stiffness and strength of infilled frames have also varied widely, all 

these and the inadequacy of information about the behaviour and response 

. of such systems have restricted the possibility of designing infills 

as a lateral bracing component in tall steel or reinforced concrete 

framed structures. Recent investigators have produced better cor- 

relation with each other, but still the engineers face uncertainty 

about the design of infilled frames because of the numerous factors 

affecting their behaviour and strength. All these may lead the 

engineer to design the frame ignoring the infill in order to be on 

the safe side, or he may prefer to employ a homogeneous shear wall, 

about which he has more information, and last of all there is the fear 

that after a few years, the infill may be removed or perforated for 

some reason. 
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CHAPTER 2 

MASONRY INFILLED FRAMES 

2.1 REVIEW OF PREVIOUS WORK 

In this chapter, a review of previous experimental and theoretical 

work on infilled frames is described. 

In 1948, at the Central Research Institute for Industrial Structures 

(Moscow),, Polyakov started the first experimental and theoretical in- 

vestigation into the behaviour of infilled frames subjected to racking 

load. Details of the investigation have been published in several 

(35 to 38) 
papers .. Large scale experiments on brickwork infilled 

pin-jointed frames with and without openings were conducted. A study 

of shear and tensile strength of brickwork was part of the programme. 

An approximate analysis based on theory of elasticity method was used 

to determine the infill stresses. The lateral racking load was pre- 

dicted by equating the maximum theoretical shearing stress in the in_fill 

to the corresponding strength of the infill material. Empirical 

formulae were introduced to predict the strength of infills with and 

without openings. His formulae included the effect of variation in 

h/1 ratio of the panel-,. but-variation in frame stiffness was not taken 

into account. The mode of failure in Polyakov's tests was cracking of 

the brick-mortar joint along the compression diagonal. Separation of 

the infill from the frame, except at the compression corners was ob- 

served; this separation led Polyakov to propose replacing the infill 

by an equivalent strut acting along the diagonal. Because of the pin- 

jointed frames used in his experiments, the frame itself is not capable 

of supporting any lateral load, the full composite action will not be 

achieved, and also causes a high stress concentration inside the panel 

at the compression corners. 

In/ 
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In some of his experiments the infill was reinforced, these tests 

showed that horizontal joint reinforcement did not affect the infill 

strength, but vertical reinforcement may increase shear bond which in 

turn would increase the strength of the inf_ill. 

In 1953, Thomas 
(5 7) 

presented a paper on the strength of brickwork. 

His study included some racking tests on encased steel frames infilled 

with brickwork and other building blocks,, It was shown that the maxi- 

mum racking load sustained with 42 inches brick infilling was over twice 

that which could be supported by the encased steel frame alone. More 

details of these tests were given by Wood 
(62) 

in 1958, and an empirical 

interaction formula was suggested for use in the design of tall frame 

buildings 
(°3). 

The composite strength of an infilled frame is given 

directly in terms of the separate strengths of the frame and infill: 

C ý1 +W+2F] (W + F) . 
/ 

F' 
/W 

In 1955, Whitney, Anderson and Cohen presented a paper 
(61) 

, which 

was based on research initiated in 1949 by the United States Department 

of the Army, at the Massachusetts Institute of Technology to determine 

the deformation and strength of. infilled frames with regard to their 

atomic blast resistance. The lateral stiffness and strength of infilled 

frames were predicted by an approximate method based upon simple bending 

and shear deflections and stresses. The integration between the frame 

and infill was assumed, thus the columns act as a flange of vertical 

cantilever beam, in which the infill is the web. The stiffness is 

given by: 

r 0 
X 

where/ 

E 
w 

2Kh (1-u) + h3 
A 31 

w 

-4 
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where r lateral load. 
0 

X elastic deflection. 

Modulus of elasticity of wall material in tension 

and compression. 

K: shape factor. 

µ Poisson's ratio for wall material. 

Aw Cross sectional area of the wall only. 

I moment of inertia of the transformed section of 
the bent plus the wall in-terms of the wall 
material. 

h height of the frame. 

The same formula was proposed for masonry filler walls. However, 

because of the separation which occurs between the frame and the infill, 

integration between the two elements cannot be assumed, and the formula 

is not applicable to masonry infilled frames. They also suggested a 

method which could include the effect of vertical loading, and empirical 

formulae were proposed to predict the ultimate lateral strength of in- 

fill frames. Their paper included no experimental results to verify 

the proposed formulae. 

From 1951, the research was continued by Benjamin and Williams at 

Stanford University, California. The results were published in four 

papers in 1957,1958 and 1960(1,2,3,4). Large scale and model 

infilled frames were tested. In their paper 
(3ý, 

reinforced concrete 

and steel frames with brickwork infilling were studied. Panels of 

different length to height ratio, bricksize, frame size and variable 

steel and concrete area were tested. Boundary cracks were first ob- 

served at very low load, separating the masonary panel from the frame 

except at the loaded corner and at the junction of the foundation and 

compression column. Ultimate load was defined by a sudden crack along 

the/ 
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the compression diagonal. The length to height ratio was found to 

have an important influence on the ultimate strength and rigidity of 

the panel. It was concluded that the variation in column steel and 

concrete area did not influence the rigidity in the uncracked range, 

and that the frame had no important influence as long as it was strong 

enough to produce failure in the wall panel. This conclusion has not 

) 
been reached by other investigators 

(28,49 
, neither was it reached by 

the author. Their conclusions included also, that brick size is un- 

important. ' 

Considerable theoretical studies of the possible stresses in brick 

wall panels were carried out, but they concluded that a simpler strength 

of materials method would give the same accuracy in results. The 

following formula was proposed for the deflection of the structure, only 

shear deformation is considered: 

_ 
l. Zb 

b= height 

atG 
Where a= length G= shearing modulus. 

t= thickness 

Their study included tests on crossed brick couplets as a measure 

of bond strength. The load was applied under varying but known condi- 

tions of combined stresses; from these tests the following equation 

was'derived to predict the. ultimatestrength of infilled frames: 

220Catb .IC= Workmanship factor 
P= where a= length 

1.52 -1.1C b= height 

with an upper limit of Amax 670Cat. 

Their formulae neglect the stiffness and contribution of the frame. 

In their paper1 
), 

Benjamin and Williams were concerned with reinforced 

concrete frames with plain and reinforced concrete infilling. Several 

modes of failure were observed: Failure by -tension in the windward 

column/ 
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column, shear failure at the base of the leeward column, cracking 

around the boundary of the infill, and cracking along, and parallel to, 

the compression diagonal of the infill. A full integration between 

the wall and the columns was assumed, and formulae based on a simple 

strength of materials method were proposed to determine the stiffness 

and strength of the structure. Their predictions are similar to those 

of Whitney et al. However, they stated that errors of 50% or more 

could be expected. 

(17) 
Holmes shared Polyakov's suggestion that the infill acts as a 

diagonal strut, and he assumed the equivalent strut to be of the same 

thickness and modulus of elasticity as the infill, with a width equal to 

one-third of the diagonal length of the infill; the stiffness was then 

found by an elastic analysis of the resulting structure. Assuming the 

infill to fail when the average diagonal strain over the effective width 

3 
has reached a value equal to the failing strain of the infill material, 

the following formulae were presented by Holmes for the strength and de- 

flection of infilled frames: 

24EIe d 
H= 

3w 
+AfwCcsa 

h (1 +I Cot(x) Cosa 

w 

and 6H= eWd Cosa 

where f`v = comp. strength of infi]_ling material. 

A= cross-sectional area of equivalent strut = td 

eW = strain in infilling at instant of failure. 

h, d = height, diagonal of rectangular steel frame. 

t= thickness'of the wall infilling. 

EI = flexural rigidity of members of steel frame. 

H= horizontal shear force at failure. 

His/ 
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His assumptions were criticized by Smith and others 
(19) 

, however, 

his simple approach has been welcomed. Further small scale tests with 

concrete infilling were carried out by Holmes 
(18), 

to determine the be- 

haviour of single storey infilled frames under horizontal and/or vertical 

loading, A semi-empirical method to predict the deformation and strength 

of the infill was proposed. The tests results showed that the specimen 

with the vertical loading showed a diagonal tension crack at a higher 

lateral load, but failed in diagonal compression at a lower load than 

the specimen under Jateral loading only. His study included the be- 

haviour of two storey infilled frames; a few tests with brick and con- 

crete infillings were presented, and a method for predicting their be- 

haviour was proposed, based on his previously used concept of the 

diagonal strut. 

Smith(481 49) based his investigation into the behaviour of infilled 

frames on the same principle, i. e. diagonal strut. The effective width 

of the equivalent strut was not assumed constant, but related to the 

length of contact, which in turn depends on the relative stiffness bet- 

ween the infill and the frame. The values of the effective width were 

determined theoretically: the infill loaded diagonally by an assumed 

interaction force over the length of contact determined for different 

frame stiffness, thus taking into account the change of frame rigidity. 

The total strain along the diagonal was determined by finite deference 

solution of the biharmonic equations, from which the equivalent width 

was derived for different frame-infill proportions. The experimental 

values for the effective width fell below the theoretical values, there- 

fore the experimental values were used for analysis of the frames. It 

was found that a difference in frame stiffness will result in a different 

egu iVa l ent / 
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equivalent width, and in turn results in different infill stiffness. 

The theoretical method derived for diagonal loading was adapted to 

laterally loaded infilled frames; the lateral stiffness to be found by 

analysing the equivalent pin-jointed frame in which the infills would 

be replaced by equivalent diagonal struts. Tests were carried out on 

model steel frames infilled with mortar. The tests showed separation 

between the frame and the infill, and the interaction between them was 

concentrated around the loaded corners. The first crack appeared along 

the loaded diagonal extending from the centre of the infill towards the 

corners; collapse occurred by compression failure at the loaded corners 

of the infill. However, he concluded that, depending on the frame- 

infill relative stiffness, cracking along the loaded diagonal could 

precede the compression failure. His investigation extended to the 

behaviour of one and two storey infilled frames with rectangular infills 

(50,51) 
He found that the effective width is also influenced by the 

length to height proportion of the infill and the height on the structure 

at which the stiffness is to be predicted, He concluded, moreover, that 

the lateral load to produce a compression failure of the infill is de- 

pendent on the relative stiffness of the column to the infill, and in- 

dependent of the length/height proportion of the infill and the beam 

stiffness. The load to cause the compression failure of the infill was 

given by: 

H= atf' where a= length of contact with. the column. 
cc 

The same method was proposed in a joint paper (Carter and Smith) 
(8 ) 

for 

analysis of masonry infilled frames subjected to lateral load. Design 

curves for predicting shear and diagonal tension failures were presented; 

based on a series of theoretical stress analysis for panels of different 

length/ 
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length to height proportions, with arbitrary diagonal loads acting 

over different length of contact. They 
(52) 

extended the proposed 

method to take into account the effect of variation in modulus of 

elasticity of the infill due to the variation of diagonal load acting 

on the infill. 

Satchanski 
(42) 

analysed the infilled frame using the method of 

theory of elasticity, by replacing the interaction forces between the 

frame and the infill by thirty redundant reactions, thus forming thirty 

simultaneous equations and solving these equations for the compatibility 

of displacements of the frame and infill. The principle tensile stress 

at the centre of the infill was derived, and used for predicting the 

lateral strength of the structure. The theoretical values for the 

cracking load were 20 - 30% lower than his tests values, the tests were 

carried out on model and large scale reinforced concrete frames with 

brickwork and concrete infillings, with and without openings. 

Satchanski's analysis also is based on the continuous bond at the inter- 

face between the frame-and the infill. 

Liauw(24) conducted some tests on infilled frames using elastic 

materials and photoelastic technique. He analysed the structure in the 

elastic range using Airy's stress fuction expressed in the form of a 

Fourier series, and proceeded to the deriviation of the stresses and de- 

formation in the infill and the frame. He assumed the infill is bonded 

to the frame. The experiments showed a non-linear. stress distribution 

at,. and adjacent to, the interface of frame and infill, and that the 

stiffer frame carries larger portions of the shearing load than the more 

flexible frame. In another paper(25), Liauw presented an approximate 

method of analysis of infilled frames with or without openings. It was 

based/ 
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based on the concept of equivalent frame; in which parts of the infill 

were assumed to act integrally with the frame members forming composite 

section; deformation was then found by analysing the equivalent frame 

by the established structural analyses. Experiments were carried out 

on two elastic models. He concluded that the results showed good agree- 

ment with the proposed method, when the opening area is more than SO% 

of the full infill area. The method presented is simple and could be 

applied to multi-storey buildings, however it is unreal to assume that 

the frame members and the wall will form a composite section because of 

the separation which may occur between the infill and the panel. 

Analysis of infilled frames by the finite element method was first 

presented by Karamanski(21). The method was based on the assumptions: 

that the frame carries axial forces only, the tie between the frame and 

the infill is not broken, and that the system is fixed at the base. 

' The first assumption could be accepted since because of the small de- 

f lection of the structure, the immediate reaction of the frame is due 

to axial forces, but his second assumption does not represent the actual 

behaviour. of. non-integral infilled frames. However, his application of 

finite element method is a great contribution in theoretical analysis 

of infilled frames, and some modifications are required in order to be 

made more realistic. 

A more accurate analysis of infilled frames by the finite element 

(29) 
method was presented by Mallick and Severn Themethod included 

the slip and separation between the frame and the infill, as well as 

the stress distribution at the contact length, as an integral part of 

the solution using an iterative scheme. 

the frame members were not included. 

However, the axial forces in 

They carried out mödel tests on 

steel/ 
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steel frames with Kaffir--D plaster infi. lling. The experimental re- 

sults were in good agreement with the theoretical values for square 

infilled frames but not so good for rectangular frames. Further in- 

vestigations were carried out byMallick and Garg(31) to find out the 

effect of different opening positions on strength and stiffness of in- 

'filled frames, and the behaviour of frames with and without shear con- 

nectors. Only square panels with square openings having dimensions 

equal to 1, were tested. Steel frames with high alumina cement in- 4 

filling were used. They concluded that opening at either end of the 

loading corners reduces the stiffness 85 - 90% compared with solid 

panels, central openings decreases the stiffness and strength about 

25 - 50%, and that shear connectors showed greater stiffness up to the 

first crack, however the spacing of shear connectors did not effect the 

behaviour of infilled frames appreciably. Mallick and Severn studied 

also the dynamic behaviour of infilled frames(30)" 

The effect of vertical loading on columns of"infilled frames is 

described by Simms(46). Tests on two full-scale reinforced concrete 

frames with infill panels of no-fines concrete were carried out. In 

one-of the tests, the column members of the frame were subsequently 

prestressed in an attempt to produce the compressive stress due to 

working loads-in lower storey frames of a multi-storey structure. The 

amount of prestressing was up to 75% of the permissible working stress 

of the concrete. The tests showed that the prestressed column specimen 

showed greater stiffness and strength than the other specimen. 

A series of tests on model frames with infills of 6 scale model 

brickwork and micro-concrete, has been reported by Mainstone(27), a few 

full-scale tests were also included. Some of these tests were previously 

Published/ 
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published in several papers 
(19,26,28) 

0A number of frames were made 

of very stiff members in order to simulate the restraints exerted on a 

panel by adjacent infills of a multi-storey, multi--bay system. Wide 

variation of experimental results was observed in these tests, even 

between nominally identical specimens. A study of infilled frame be-- 

haviour was carried out on the basis of effective width of an equivalent 

diagonal strut, and only a simple method based on that same principle 

was recommended for design purposes 
(28 

A paper by Mihai et ai(32) describes tests carried out on model 

walls under horizontal loading. The behaviour of masonry walls with, 

and without, bounding reinforced concrete frames, door openings, and 

lintels of different sizes was reported. 

A large number of tests on unframed masonry walls under racking 

load have been carried out and discussed by many investigators in recent 

years, but as these are not very relevant to the subject under review, 

only references are given 
X12,13,34,40,43,45,4? }. 

More recently Smolira(56) has published a paper describing an appro- 

ximate method of the analysis of infilled shear walls (infilled frames). 

The principle of equivalent diagonal bracing has been adopted, his ana- 

lytical formulation is based on the force-displacement method. Separate 

analysis taking into account the effect of possible gaps at the interface 

between the frame and panel has been shown. In this case the analysis 

is made in two stages: first the frame alone is taken into account, and 

the amount of lateral loads required to close the gaps between the frame 

and the panel are calculated, then in the second stage the diagonal 

force taken by the panel is considered. Numerical examples have been 

shown to illustrate the method. The effect of contact pressure at the 

interface/ 
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interface is also discussed and it is shown that it can be included in 

the analysis. The value of the effective area of the panel as a dia- 

gonal bracing member can affect any analysis based on the diagonal. 

bracing principle; this value has been assumed constant in Smolira's 

analysis without explanation as. to Iowit was obtained. The axial 

and shearing deformations also are not included in this analysis. 

2.2 SUMMARY AND SCOPE OF THE WORK 

So far, 'the experimental investigations which have been carried 

out on infilled frames are few in number and they are mostly on infill 

materials other than brickwork. Considering the importance of such 

material as infill, which is widely used in everyday practice as parti_-- 

tions or external walls in framed structures, more inf_oimation and ex- 

perimental results are needed. Detailed behaviour of such panels under 

lateral loading must be well. known,., including their behaviour and res- 

ponse at various stages of loading especially at failure, upon which 

design consideration for large deflections, such as eartthm ake motions, 

may be based. 

Other factors which may also affect their behaviour and strength 

are: different material properties 'composing the system, panel height 

to length ratio, openings, frame members stiffness and their joints, 

workmanship, vertical load 4ng, adjacent infilled panels, loading causing 

torsion, and lack of fit between frame and panel which is unavoidable 

because of the thermal and moisture expansion of panel material and many 

other factors which generally affect the strength of masonry and the 

frame. Although most of these factors can not be formulated theoretically, 

the behaviour of infilled frames under these conditions must be revealed 

before any standard design method can be put forward for design purposes. 

The/ 
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The experiments carried out in this investigation are an attempt to 

provide some more information concerning some of these factors. This 

work is mostly concentrated on idealized single storey brickwork in- 

filled frames with different height to length proportion for different 

frame stiffnesses, with,, or without opening. Since this type of 

structure is mainly considered as a lateral bracing system in-multi- 

storey frames, a few experiments have also been carried out on two, 

three and four storey brickwork infilled frames. In order to obtain 

satisfactory results for a composite system such as brickwork, a large 

number of experiments is essential, large scale tests are-material 

and time consuming. On account of these limitations and the satis- 

factory use of model-brickwork in-investigating brickwall behaviour(33)81 

the tests were carried out on small'scale panels. 

Various methods to predict the lateral stiffness and strength of 

infilled frames have been proposed. Some investigators assume inte- 

gration between the frame and panel, and formulae based on this 

assumption have been suggested. . Clearly. this assumption is not valid 

for masonry infilled frames where separation at the interfaces is to be 

expected. Other investigators have adopted the principle of an equivalent 

diagonal strut which allows for separation: the effective width of the 

strut has been either assumed or based on the experimental values. 

Results from this type of analysis depend mainly on the value of the 

effective width. Sophisticated mathematical analyses have shown results 

not much better than the approximate_on; ýs_. and have therefore been 

abandoned by most investigators. 

in this present investigation, methods of predicting lateral stiff- 

ness and strength have been studied and modified in order to be applied 

generally. / 



200 

generally. A study of the application of finite elements method has 

also been carried out. A simple method of analysis of multi-storey 

infilled frames which is based on simple calculation is also included. 
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CHAPTER 3 

BEHAVIOUR OF ONE-STOREY BRICI'WORK INFILLED FRAMES 

301 INTRODUCTION 

A masonry infilled frame is a very complex composite structure, 

its behaviour is affected by many variables. In order to study the 

behaviour of the structure for all the variables included, a large and 

extensive, as well as expensive, number of experiments are required. 

In order to minimize the variables and at the same time not ignoring 

the important parameters which are found in practice generally, only 

the most influencial factors have beQnstudied by the Author. However, 

because of the statistical nature of the brickwork composite, several 

identical experiments have been carried out for each variable. A 

wide variation in experimental results has been-observed,, The walls 

were constructed using one-third model bricks, the scale of the 

structure however has not been scaled down to one-third. The scale 

factor involved in experiments has been found to be unimportant 
(3 ) 

moreover, the structure can be considered and analysed as a small 

structure by itself; therefore an appropriate scale was taken so that 

many difficulties arising from the testing procedure could be avoided 

and some saving in materials could be made. The back to back principle 

was adopted for testing which was found to be very practical and easy. 

In this chapter the behaviour of square and rectangular brickwork 

infilled frames as well as their modes of failure have been described 

and discussed; some other factors are also included, such as, the 

effect of gap between the frame and the panel at the top, the rigidity 

of the frame joints, and the effect of high bond strength mortar on the 

behaviour of masonry infilled frames. Results are shown in either 

tabular/ 
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tabular or graphical form and conclusions are given. 

3,, 2 MATERIALS 

302,1 Bricks 

One-third scale model bricks were used for the construction of 

the walls. The bricks were from three different batches with an aver- 

age crushing strength of 4228 psi, the details of the strength of the 

bricks are given in Appendix A. 

3.2.2 Sand 

Fine Leighton-Bazzard sand was used for the mortar for all the 

walls. The grading curve is shown in Fig. (3. l). 

3,2,, 3 Cement 

Rapid hardening Portland cement "Ferrocrete" was used for all the 

walls tested. 

3.2.4 Mortar 

3 cement and. sand by weight, with an average crushing strength 

of 2262 psi, was used for the construction of the walls, except for 

panels WR1, WR2, WR3 and WR4 where modified mortar with additive 

"Revinex" was used (App. B). Water-cement ratio was found by trial 

and error to obtain a mortar with good workability for construction. 

3.2`5 Steel r 

Mild-steel rectangular cross-section was used for all the frames. 

Cross-sections of 1.5 inches width with varying thickness ranging bet- 

ween Z to 1 inch were used. 

303 METHOD OF CONSTRUCTION 

3.3.1 Frame 

The frames were constructed in a duplicate form on the back to 

back principle Fig. (3.2), this arrangement simu1ates. a pair of rigid 

frames/ 
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Fig. (3.2) Testing method. 

100 

90 

80 

70 

60 

50 

U- 
40 0 

30 

20 

10 

0 

Fi g. (3.1) Leighton- Bazzard sand grading curve. 

PP 

200 100 52 25 14 7 3/1 

Sieve No. I 



23. 

frames with central beam providing a rigid base for the frames. The 

columns were made continuous and the beams were welded between them 

with double V-butt welds on all sides. in order to provide the full 

bending strength of the members, plates of 4 inch thickness were 

welded to the joints on both sides. 

checked for any plastic deformation. 

After each test, the frame was 

In the absence of permanent 

deformations, and for economic reasons due to the great number of 

tests involved in the programme, each frame was re-used only once. 

3.3.2 Brickwork panels 

The frame was fixed vertically with a flat wood board behind tc 

keep the wall in plane during the construction. The wood board was 

marked with horizontal lines to provide a guide line for the joint 

thickness and brick. The bricks were immersed in water for 30 - 45 

minutes before construction. The brick wall was built in a normal 

way. Great attention was given to the joints between the frame and 

the brickwork, especially the top joint between the wall and the beam, 

to ensure a good fit so that no gap was left in between. After com- 

pletion, the walls were covered with a polythene sheet, and were left 

for at least two weeks before testing. 

304 TESTING ARRANGEMENT AND LOADING METHOD 

The duplicate form of the frames provides a simple method for 

testing model infilled frames. This method has been found to be very 

satisfactory by many investigators(2,29,48 
) 

The frame was tested as 

a beam, simply supported at its ends, carrying a central point load in 

which the load on each panel is equal to . the half of the applied load. 

The infilled frames were tested under the Avery machine, half circle 

section bars were put at the end supports directly under the centre 

line of the top beam. A rectangular cross-section bar was put at the 

loading/ 
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loading point in the centre of the middle beam,, A 0.0001 inch dial 

gauge was put at the bottom directly under the line of the applied load. 

Load was applied at constant rate, and deflection was taken at pre- 

determined load intervals. 

flection readings. 

305 TESTS RESULTS 

The load was kept constant during the de. - 

Dimensions and properties of the panels tested, load at the first 

shear crack, load at the compression failure of the brickwork, and the 

stiffness of the panels, are shown in Table (3.1). 

The average lengths of contact measured along columns and beams 

are shown in Table (3.2). The load-deflection curves of the panels 

are shown in Figs. (3,3) to (3.8). Figs. (3010) to (3.15) show the 

variation of the cracking strength, ultimate carrying capacity and the 

stiffness, due to the variation in franze stiffness for square, rect- 

angular 1.6 and 
h=2.0, 

panels. The curves are expressed in terms 

of dimensionless parameters Ahh or all (ücrt Vs. X11 0, 
fuhtt 

Vs. Xhh 
www 

and Q Vs. Ahh)o The smaller the value of X, the stiffer the frame 

relative to the infill. In Figs. (3.10) to (3.15), the results are 

shown in graphical form, a smooth curve has been drawn passing through 

the average values,, Later these values are compared with the theoretical 

values in the corresponding chapters. 

The behaviour of the panels under lateral loading is described in 

sections 3.6,3.7 and 3.8. Discussions are given in section 3.9. 

3.6 SQUARE AND RECTANGULAR PANELS 

The tests carried out on model brickwork irfilled frames with 

different height to length ratio and frame stiffness under lateral 

loading are described below: At the initial stage of loading, separation 

of the frame from the infill occured, however, it was too difficult to 

observe/ 



Test Inf ill frame cracking ultimate lateral 

No 
hW x 1W member load load stiffness Notes 

. 
inches inches (ton) ton (ton/inch ) 

WF"11 1.375 3.875 37 
WF12 15.75 0.50 1.00 3.50 45.5 
WF22 x 

15.75 
x 

1.50 0.50 3.625 46 
x., 36 0-50 3.65 59 
WF5 0.50 2.50 28 + Joint 
WF6 0.43 2.00 31 + failure 
WF9 1.065 3.65 45 

15.75 0.75 
WF21 N x x 0.625 4.10 78 
WF34 15.75 1.50 1.25 3.73 58 
WF37 1.10 4.125 50 
WF38 0.50 4.10 44 

WF33 0.80 4.67 45 -{ý Joint 
WF7 15.75 1.0 1.375 7.50 72 failure 
WF23 M x x 1.30 6.88 74 
WF10 15.75 1.50 1.00 7.50 60 
WF40 1.20 5.90 64 

WF31 0.925 3.25 59 
x_5.75 0.50 WF32 H 0.80 3.07 54 

WF39 X x 1.40 3.95 52 
WF41 

25 25 1.50 
0.85 3.75 43 

WF13 1.375 5.25 65 15.75 0.75 
WF14 N 1.00 4.50 63 
WF24 X x 1.30 5.175 53 

25 25 1.50 
WF27 1.43 6.20 91 

WF19 1.075 7.50 80 
WF20 

15.75 1.0 
1.125 7.40 91 

x x 1.60 8.05 100 
25.25 1.50 

WF29 1.27 7.85 88 

WF35 15.75 0.50 0.45 2.95 50 -}- Joint 
WF42 ä x x 1.025 3.70 46 failure 
WF43 31.50 1.50 1.28 4.00 70 (at ult 

WF15 0.925 6.45 55 
WF16 15.75 0.75 1.125 6.40 90 

WF30 x x 1.20 6.675 68 
31.50 1.50 

WF44 1.50 5.40 72 

WF18 15.75 1.0 1.125 8.375 191 
WF25 x x 1.50 8.85 93 
WF28 31.50 1.50 1.27 8.475 96 

WR1 U) 15.75 x 0.5ox 2.65 5.35 125 Built wit 
WR3 15.75 1.50 2.80 5.75 133 mod. mort. 

WR2 15.75 x 0.75x 3.15 7.20 3.85 Built wit 
WR4 25.25 1.50 2.80 7.90 215 mod. mort. 
WG1 15.75 x 0.75x 0.40 4.47 17 With gap 
WG2 3 15.75_ 1 1.50 0.40 3.80 22 at top. 

Table (3.1). One storey brickwork infilled frame tests. 



Table (3.2). Length of contact. 

frame a (col) aI (beam) 
Panel h :l inches 

Xh h 
(inches) 

1 
1 (inches) 

wsl x1 7.07 4.66 7.182 6.53 

WS2 1: 1 4x 12 5.256 5.18 5.38 9.00 

WS3 1x 12 4.26*9 6.41 4.40 10.25 

WT1 x 12 6.88 5.62 9.836 9.85 

WT2 1.6 
4x 12 5.11.6 5.72 7.332 12.50 

WT3 1x 12 4.155 6.50 5.96 15.0 
WL1 2X 12 6.685 5.00 11.24 10.50 

WL2 1.2 4x 112 4.97 5.50 8.359 11.00 

WL3 1x 11 4.037 6.23 6.789 16.40 

Table (3-3). Some comparisons frone Table (3-1). 

w 

Cracking Ulti- lateral 
Panel Properties load mate stiff- 

load ness Remarks 
h: l frame No (ton) (ton) : on/inch 

1: 1 4X 12 WS2 1.05 4.02 -55.5 Normal* 

1: 1 xl WG 0.40 4.10 20.0 Gap at top 

1: 1 4x 12 WSJ 0.47 2.25 29.0 Weak joints 

1: 1 2x 12 WS1 0.90 3.66 47.. 0 Normal* 

1: 1 x 12 WRS 2.72 5.55 129.0 with mod, mort. 
l: 4x 12 WT2 1.27 5.28 68.0 Normal* 

1.6 x 12 WRT 2.97 7.55 200.0 with mod. mort. 
1: 2 2x1 WL1 1.14 3.85 55.3 Normal* 

1: 2 2x 11 WLJ 0,45 2.95 50.0 Joint fai 

* Normalpanels built with 1: 3 mortar, joints are fixed properly. 
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observe in some of the tests, especially with the more stiff frames. 

The separation was more clear in tests with flexible frame and rect- 

angular panels. Gaps along the column were easier to observe. 

Separation occurred at load of about 10-20% of the load to cause 

the first shear crack inside the panel. In some tests with rectangular 

panels hair cracks at the top of the panel were observed before the 

application of load. These small cracks caused an early separation 

of the frame from the i_nfill. Sliding of the panel along the frame 

members was clearly observed in some tests. After the separation the 

panel remained in contact'with the frame at the loaded corners only, 

over the length of contact which varied according to the stiffness of 

the frame"andthe'panel proportions, Table (3.2). The length of con- 

tact for stiff frames was more than that for flexible frames; this was 

also noticed in panels with higher 1/h ratio. Most of the load was 

then transmitted to the infill through the length of contact, which re- 

mained fairly constant until the first shear crack appeared The 

first shear crack was usually at the interface between the brick and 

the mortar joint, a continuous crack starting from the windward column 

near the top junction and stepping downward towards the leeward column 

near the bottom junction, Plates (1,2,3 )o In some of the tests 

however, a straight shear crack at the centre or near the top beam was 

observed. Cracks in the rectangular panels were mostly horizontal at 

the centre and stepping near the columns, a few tests showed first 

crack at the unloaded corners and at less than the average cracking 

load. A few small vertical cracks near the top of the wall were ob- 

served in rectangular panels with flexible frames. Diagonal cracks 

passing through the brick and mortar were not observed, except in a 

few of the square panels with very stiff frames where the crack tended 

to/ 
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to pass through some of the bricks as well as the mortar; some tests 

showed diagonal cracks after the appearance of initial shear cracks. 

After the first crack, the panel was no longer in contact with the 

frame over the pre-crack contact length only; the position of the 

crack had modified the interaction length. The first crack was sudden, 

a' drop; 'off in load of about 10-15% of the-cracking load and a rapid 

increase in the deflection were observed. A wide variation in the 

cracking load was obtained, even for identical repeated tests. 

As the load increased, the panel regained the strength, and more 

cracks then appeared inside the panel mostly parallel to the first shear 

crack. 

At higher loads, cracks began to pass through both bricks and 

mortar, away from the panel centre and propagated near the loaded 

corners. These cracks were not very sudden and the stiffnes decreased 

gradually. At a load of about 85-95% of the ultimate load, the brick- 

work began, to spall near the loaded corners. at the places where more 

cracks had propagated. For relatively flexible frame the spalling 

increased towards the corners, however, for stiffer frames the spalling 

spread out toward the centre of the panel away from the loaded corners. 

In most cases this was followed by crushing of the brickwork at the 

loaded corners and the deflection increased rapidly without a signifi- 

cant increase in the load. This stage defined the ultimate carrying 

capacity of the infilled frame, however, the infill frame was still 

capable of sustaining 80-90% of the ultimate load. In identical tests, 

variation in results for ultimate load was less than those for cracking 

load. 

3,7 INFILLED FRAMES WITH GAP AT THE TOP OF THE PANEL 

Two square panels WG1 and WG2 with members of 4x 12 inches 

cross-section/ 
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cross-section were tested, A small gap of 16 
inch was left between 

the frame and the wall at the top, 

The two tests showed no clear separation between the frame and 

the panel along the columns, and showed a high stiffness under a small 

load only, the first shear crack then appeared with no sudden drop 

back of load or sudden increase in deflection. In the two tests the 

first shear crack occurred at a very low load, the crack appeared at 

the top courses of the wall near the gap, Plate (4 ), As the load 

increased more cracks appeared and sliding of the wall along the frame 

members continued, eventually fitting the wall into the frame com- 

pression corners; after this stage the panel behaved as a normal 

cracked infilled frame with no gap but the cracks were wider. With 

the increase of load more cracks appeared inside the panel, finally 

the brickwork started to spall out near the loaded corners followed 

by compression failure of the brickwork at the corner. The ultimate 

load was found to be the same as in the corresponding panels with no 

sub- gap. However, due to the early cracking of the panel and the 

sequent cracks which followed, no sudden increase in deflection was 

observed during the appearance of cracks. 

3.8 WALLS BUILT WITH MODIFIED MORTAR 

Two square panels WR1 and WR3, and two rectangular panels WR2 and 

WR4 were tested, the brickwork was built with modified mortar (Appendix 

B)0 Due to the good bond strength of the mortar, the wall was in 

good contact and a good fit in the frame, no separation occurred 

during the loading, except for panel WR2 where a clear gap between the 

wall and the frame was observed, which was indicated by a sudden drop 

off of the load, and soon the panel regained the same stiffness as 

before. The first crack occurred at a very high load, a diagonal 
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tensile crack, Plate (4), almost at the centre of the panel passing 

through both bricks and mortar. The crack was very sudden and was 

accompanied by a drop in load-and a large increase in deflection. 

Panel WR2 showed a straight shear crack near the centre of the wall 

at a load less than the load carried by WR4. At higher load more 

diagonal cracks appeared beside, and parallel to, the first diagonal 

crack. After a series of cracks the stiffness of the panel decreased 

rapidly and was followed directly by spalling of the brickwork at, and 

near to, both. of the compression corners. The ultimate load was de- 

fined by the compression failure of the brickwork near the corners. 

Both the ultimate and the cracking loads, as well as the stiffness, were 

higher than those for the corresponding walls built with the 1: 3 

mortar, 

3.9 DISCUSSION OF FESULTS 

3.9.1 Load - Deflection curves 

The load vs. deflection curve of an infilled frame may be repre. 

sented by three stages. A typical load deflection curve is shown in 

Fig,, (309)0 The first stage is unpredictable, depending mostly on the 

lack of fit of the panel with the frame and the bond at the interface 

between. the frame members Sand the panel. A good fitting and a strong 

bond at the interface would lead to a high initial stiffness until the 

bond breaks"at the interface,, and the wall separates from the frame 

except at the compression corners. On the contrary, a lack of fit 

and a weak bond at the interface will result in a low initial stiffness. 

The second stage is linear although not elastic. When the wall and 

frame have fitted together at the compression corners they act com- 

positelyo The frame transmits the major portion of the load to the 

wall/ 



29, 

wall through the contact interface. Under such conditionsp the infill 

will be under a combined stress and acts as a diagonal bracing member 
11 

under compression. The frame deforms in a manner far different from 

the original frame without infill. under lateral load. At this stage, 

the slope of the load - deflection curve will remain fairly constant 

until the first shear crack appears, the load will then drop off with 

a rapid increase in deflectiöno At this point the third stage starts, 

the panel begins to regain stiffness, this stage is non-linear but may 

be approximated by a straight line. More cracks develop during the 

loading accompanied by a small drop in load with each crack. The 

third stage is followed by the appearance of spalling of the infill 

material at the compression corners and in the panel, which progress- 

ively results in the compression failure and consequently defines the 

ultimate carrying capacity of the infilled frame; this stage is re- 

presented by the horizontal line in the load-deflection curve. The 

behaviour and modes of failure, of masonry infilled frames is discussed 

in detail in Section 3.9.2. 

30902 Modes of failure 

The first crack generally appears along the boundary at the inter- 

face between the loaded column and the panel, and between the foundation 

beam and the wall, followed by cracks at the interface of the wall and 

top beam, and at the leeward column. These cracks are due to the 

difference in deformation shape of the two elements, the wall and the 

frame,, and due also to the tensile forces which are induced along the 

boundary at the interfaces. The bond between the frame and wall is 

not strong enough to resist the tensile forces, so if cracks do not 

appear between the frame and wall, they may occur at the topmost course 

of the wall because of the weak bond between the mortar and the brick. 

indeed, / 
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Indeed, if the bond is maintained, both elements will act together as 

an integral composite and a much higher stiffness will be obtained, 

this was clearly demonstrated by the tests carried out on the infilled 

panels with high bond strength mortar, Section 3.9.7, After the 

appearance of the boundary cracks the panel slides along the members 

fitting into the compression cornersp separating the wall from the 

frame except at both corners under the load, where the wall remains in 

contact with the frame members at which forces are transmitted from 

the frame to the. panel, Due to the interface forces the deformation 

shape of the frame is by no means the same as the deformation of a 

frame alone under lateral loading. Boundary cracks occur at different 

load magnitudes, usually at the first stages of loading and considerably 

below the first shear crack load. Separation could be easily measured 

at the column but difficult at the top beam. In rectangular panels 

there is a clearer separation due to the relatively flexible frame re- 

lative to the panel. In some tests the gap was very difficult to 

measure at both interfaces, column and beam,, 

Initial cracks at the top of the panel which were observed in some 

tests before applying the load are due to shrinkage of the wall which 

causes an early separation along the interfaces, and makes the length 

of contact easier to measure. 

The first crack inside the panel is sudden, stepping downward at 

the interface between the brick and mortar joints and along the com- 

pression diagonal. Variation in position and extension of the cracks 

may be expected, because of any weakness in the panel due to defects in 

workmanship,, non-homogenity of the infill materi. alo or because of a 

weak bond at any course of the wall,, The same reasons apply to the 

wide variation observed in experimental results of the cracking load. 

The/ 
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The first crack is due to the shear bond failure between the bricks 

and mortar at the joint interface, as a typical shear failure in 

masonry shear-wail structures under lateral load with low pre-compression. 

After the appearance of the first shear crack, the usefulness of the wall 

is doubtful for practical purposes. 

As the load increased, the cracked wall slides along the cracked 

joint, Fig, (3.16), thus changing the length of contact' bearing again 

on the column members of the frame, A redistribution of forces at the 

interface will occur. More cracks appear gradually as load increases. 

At this stage the resistance of the panel will be mostly due to 

friction and wedging action inside the panel, which result from the fact 

that the frame prevents the disintegration of the cracked panel. This 

redistribution of forces and disintegration exert extra reactions on 

the frame members, modifying the frame deformation shape furthermore. 

and increase the strength of the frame. 

In a few rectangular panels with flexible frames,, vertical cracks 

at the top were observed; this is due to the deformation of the frame 

as shown in Fig. (3017) and possible tensile stresses induced at the 

unloaded corners. 

The friction and wedging action cause the cracks to pass through 

bricks as well as the mortar, usually at the ends of the existing 

cracks near the compression corners. More cracks would propagate at 

these places Fig. (3Q18)9 which results in the second mode of failure: 

the compression failure, this appears as spalling out of the brickwork 

near the loaded cornerso spreading out towards the centre of the panel 

or to the cornerse depending on the relative stiffness of the frame 

and the infill and the rigidity of the joint. Crushing appears at 

places not necessarily under maximum compressive 'stresses but at 

places/ 



Fig. (3.16) Wall sliding along the cracked joint. 

Fig. (3.17) Vertical cracks at the un-loaded corner. 

Fig. (3.16) Propagation of cracks. 
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places where propagation of cracks are developzn. go As more crushing 

appears,, the panel becomes incapable of sustaining more load, the 

deflection increases while the load remains fairly constant. This 

stage is considered as the ultimate carrying capacity of the inf? 
_lled 

frame structure. 

Diagonal tensile cracks passing equally through both mortar and 

bricks are unlikely to occur in brickwork infilled panels built with 

ordinary mortar. It has been shown 
(45) 

that diagonal tensile cracks 

may occur in brickwork shear walls., depending on the value of the 

normal pre-compressive force applied, The occurence of diagonal 

tensile cracks also depends on. the bond strength between bricks and 

mortar 
(20) 

: in the tests carried out with normal 1: 3 mortar, the 

bond strength was weak and the frames did not provide sufficient normal 

forces,, diagonal tensile cracks were therefore unlikely to appear. 

309,3 The influence of frame stiffness 

The lateral resistance of a brickwall panel built without a 

bounding frame and without pre-compression is very low., The failure 

is due to overturning of the entire wall at the base due to tension 

3 
bond failure 

). 
sliding along the base or any other plane with weak 

bond. However, the resistance will increase considerably if any 

sliding, overturning restraint or any precompression is provided. 

The increase depends on the amount and the way these restraints and 

precompression are applied. In infilled framesp where the wall is 

confined inside a reinforced concrete or steel framer overturning re- 

straint and precompression will be provided by the bounding frame. 

The windward column will behave as a tie in tension preventing the 

overturning of the wall, at the same time it transmits the major part 

of the lateral load to the wall over the length of contact. On the 

other/ 



33 , 

other hand the beam member of the frame exerts normal and shear forces 

on the wall over a certain length of contact. Shear connectors will 

prevent the wall from sliding and increases its stiffness 
(31) 

The stiffness and the strength of the infill depend on the stress 

distribution at the interface between the frame and the infillp and on 

the length of contact between the infill and both the beam and the 

column of the frame. ' The tests showed different length of contact for 

different frame stiffnesseso this behaviour has also been observed by 
ý49ý 

others -o The stiffer frames showed greater length of contact than 

the flexible frames, which resulted in an increase in strength and 

stiffness of the infilled frames. The increase in the stiffness and 

the ultimate strength is more than the increase which could be attri- 

buted to the increase of the frame stiffness alone, Figs. (3010? 3,11, 

3014 and 3,15). This clearly demonstrates the composite action of 

infilled frames. 

However, the contribution of the frame in increasing the carrying 

capacity of the panel at the first crack is less pronounced, Figs, 

(3012 and 3013),, The panel cracks under very small deflection, vari- 

ation in frame stiffness will not result in great increases in the 

cracking load of an infilled frame, except for very stiff, strong 

frames, which are unlikely to be found in practical buildings. The 

mode of failure of inf ill panel at the ultimate load also depends on 

the-stiffness of the frame. The tests showed that in panels with 

stiffer frames, the spalling of bricks developed away from the corners 

and spread out towards the centre of the panel and over a greater area 

inside the panel. However, in panels with relatively flexible frames, 

the failure increased towards the loading corner. 

3.9.4/ 
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3,, 9,4 The influence of 
Yl 

ratio 

A brickwork panel under lateral load and low precompression 

normally fails by shear along the mortar-brick joints. The cracking 

load therefore depends on, among other factors,, the length and thick- 

ness of the panel as well as the shear bond strength, An increase in 

the length of the panel will produce increase in the cracking load. 

In infilled frames, as discussed earlier, the precompression is pro- 

vided by the beam and is dependent on the stiffness of the frame; in 

rectangular panels, the frame is relatively flexible compared with the 

rigid panel, the amount of normal forces on the top of the panel will 

therefore be relatively lour,, The amount of increase in the cracking 

load,, which could be expected due to the increase in panel area in 

infilled frames is not the same amount which can be attributed to the 

increase in panel area in normal shear wall with precompression over 

the whole length of the wall. Figs, (3012 and 3013) show the increase 

in infill frame strength due to difference in h ratios. However, a 

great increase in stiffness can be seen in Fig. (3011) due to the in- 

crease of h ratio,, especially for panels with more stiff frames, the 

increase is less for flexible frames. The tests showed that the in- 

crease in stiffness and strength is not significant when h 
is greater 

than 1060 

309.5 Joint rigidity 

The contribution of the frame to increase the strength and stiff- 

ness of infilled frames is by confining the panel inside its boundary, 

Composite action will take place whether the frame members are pin- 

jointed or rigidly jointed,, Tests carried out by Polyakov(35) on 

pin-jointed brickwork infilled frames have shown this. However, in 

pin-jointed/ 
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pin-jointed frames because they are incapable of resisting any lateral 

load themselves,, a full composite action between the frame and the wall 

would not be obtained. For the full composite action to take placer 

the frame members should be fully rigidly connected and capable of 

developing full bending moments at the joints, to enable the beam and 

the columns to transmit. the major portion of the load to the panel 

along the interface; any weakness or opening of the joints during the 

loading may result in reduction in the stiffness and the strength of 

the structure. A few tests were carried out on square infilled frames 

where the joints were welded on all sides,, but no stiffening plates 

were providedo These tests showed cracking at a considerably low 

load and the stiffness as well'as'the ultimate load decreased 

accordingly, Table (3a3)o These reductions in strength and stiffness 

were due to the early opening of the joint at the loaded corner, as 

the load increase more cracks appeared and the joint widened more, the 

crushing of the brick. was not reached. The failure was due to the 

joint failure and the total opening of the loaded corner-joints 

3,906, Lack of fit 

Tests WG1 and WG2 were carried out on square infilled frames, a 

small gape 16" wide was left at the. top of the panel between the 

brickwork and the beam member,, This situation may arise in practice 

due to shrinkage and settlement of the infill material and due to de- 

fects in workmanship. Because of this lack of fit the behaviour of 

the, infilled frame will be modified,, The load is transmitted to the 

inf ill by normal and shear forces only at the column interface, due 

to the presence of the gap'at the top no restraint is provided by the 

beams the lateral load to cause the first crack would be low,, After 

cracking/ 
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cracking there is a tendency for the inf_ill to slip along the column 

interface and rotate until it bears on all frame members at the 

loaded corners. However,, if the bond between the infill and the frame 

at the column interface is negligible, the slip and rotation could pre- 

cede the appearance of the first crack inside the panel. The infill 

frame in this case will suffer a great deflection until the gap is 

filled and composite action takes place, the 
'panel 

may then maintain 

a higher stiffness and cracking load. In the tests carried out the 

slipping did not occur first. The results of, these tests are shown 

in Tables (3,1) and (303), The ultimate load was nearly the same as 

in the normal panels (with no gap), but due to the early cracking of 

the panel the stiffness was remarkably low. 

3.907 Modified mortar 

As described earlier, the strength and the stiffness of an infilled 

frame, depends on the degree of fit of the panel within the frame and 

the way the forces are transmitted from the frame to the infillo it 

has been well established that the lateral strength of a masonry wall 

depends on the shear strength of the brickwork,. which in turn depends 

on the bond and friction between the mortar and the bricks, A great 

increase in strength of brickwork could be achieved by increasing the 

bond strength of the mor tar 
(20,6 0)o In walls WR1o WR I WR3 and WR4 

tested, the mortar used was 1: 3: 40% Reviriex (detail in Appendix B)o 

The mortar has a high tensile strength (600 psi) and a significant 

bond strengths higher than the tensile strength of the bricks used, 

The tests showed very high stiffness and strength-due to the high bond 

strength induced inside the panel as well as between the frame and the 

panelo This modifies the transmission of loads from the frame to the 

infill/ 
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infill and most if not all of the boundary would be in contact with 

the frame, The structure would act as a composite wall and possesses 

greater stiffness, The panels behave more. as a homogeneous, iso- 

tropic material, their behaviour is similar to the behaviour of a re- 

inforced concrete frame with concrete infilling built integrally. 

The crack is governed by the maximum tensile principle stress inside 

the panel, 

The straight line crack which was observed in test WTR2s must 

have been due to a weakness in the brick mortar joint at the time of 

construction,, The first mode of failure appeared as a straight 

diagonal tensile crack at the centre of the panel. This type of 

failure has been observed in frames infilled with more elastic 

materials such as concrete and mortar 
(49,9)o 

The diagonal tensile crack occurs when the maximum tensile 

stress at the centre of the panel exceeds the tensile strength of the 

panel material, in the case of brick masonry. the weakest tensile 

strength of the two materials, i. e. brick or 
(7 

The ultimate load also increases due to the fact that the load 

transmitted from the frame to the panel is over almost the whole 

length of the frame members, no stress concentration is induced near 

the loaded corners. Test results are shown in Tables (3.1) and 

(3.3) and, compared with their corresponding infilled frames built with 

ordinary 1: 3 mortar. 

3.10 CONCLUSIONS 

As a result of this investigation, the following conclusions have 

been reached : 

1. / 
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1. 

20 

3. 

4. 

5, 

At the early stages of loading, the behaviour of an infilled 

frame is unpredictable depending upon the lack of fit and 

bond between the frame and infill. 

At the initial stage of loading, separation occurs between 

frame and infill along all, or some, of the members, except 

at the compression corners where the frame remains in con. - 

tact with the infill over a certain length. 

The length of contact along the members depends on the re- 

lative stiffness of the frame and the infill. It increases 

with an increase in the frame stiffness. 

After the separation, the inf -1-1. -acts. as -a strut in corn 

pression along the loaded diagonal, at this stage the 

behaviour of the structure is approximately linear up to 

the appearance of-the first crack. 

A brickwork infilled panel exhibits two types of failure: 

(a) Shear or diagonal tensile failure depending upon the 

bond strength between the bricks and mortar as well 

as the bond between the panel and frame. Shear 

failure is indicated by the appearance of cracks at 

the interface between mortar and. bricks in a step- 

wise manner. Diagonal tensile cracks appear at, or 

near, the middle of the panel along the compression 

diagonal passing through both mortar and bricks. 

The first crack is sudden, cracks do not define the 

failure of the structure, however its stiffness is 

greatly reduced. 

(b) Compression failure: which defines the ultimate 

carrying/ 
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N 

carrying capacity of the structure is indicated by 

progressive spalling of the brickwork at, or near, 

the compression corners depending upon the stiffness 

of the frame and its joints. After the compression 

failure the structure is capable of sustaining 80 -- 90% 

of the ultimate load. 

6. Keeping all. factors affecting the strength of brickwork constant, 

the stiffness and strength of a brickwork infilled frame are 

influenced by 

h 
(a) 1 ratio of the panel. 

(b) The stiffness of the frame members. 

7. Lack of fit between frame and panel decreases the cracking 

strength and stiffness remarkably; however, the ultimate load 

is not. greatly affected. 

81 Weakness in the strength and rigidity of the frame joints may 

result in a great reduction in strength and stiffness of an 

infilled frames the frame may fail at the joints before the 

ultimate load is reached. 

9. By increasing the bond strength between bricks and mortar, panel 

and frame, the stiffness and strength of the composite structure 

is significantly increased, ; 

I 
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CHAPTER 4 

ANALYSIS OF ONE-STOREY INFILLED FRAMES 

4.1 INTRODUCTION 

It has been realized that the stiffness and strength of a frame 

is greatly increased by infilling the frame with masonry or concrete 

e panels, which act compositly with the frame under lateral loading. 

The behaviour of infilled frames has been studied by many investigators 

experimentally and theoretically,, 

divided into three groups: 

1. 

2. 

J. 

The analysis of such frames can be 

A simple approach based on the simple strength of 

material method 
(2' 61) 

An approximate approach based on analogous frame 

method; 
(17,25,48,56) 

A more accurate approach based on theory of elasticity 

method and finite element method. 
(21,24,29,42) 

The accuracy of results obtained from these approaches depends on 

the assumptions made by the investigators. The first approach assumes 

total integration between the infill and the frame, then analyses the 

resulting structure as a vertical deep beam. This approach could be 

applied to reinforced concrete frames with concrete-infilling built 

integrally, but is not applicable to frames which are not integral 

with the infill, as in the case of masonry in reinforced concrete or 

steel frames where separation between the frame and the infill occurs,, 

This simple approach analysis overestimates the stiffness of the 

structure. 

The second approach is based on the concept of replacing the infill 

by an equivalent diagonal strut; separation is also taken into account. 

Fair/ 
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Fair accuracy has been obtained by this approach, the results mostly 

depend on the assumed or estimated values of the effective width of 

the equivalent diagonal strut. This method could easily be applied 

to multistorey buildings, however, it is incapable of treating infilled 

frames with openings. 

In the third approach, the structure is solved as a plane-stress 

problem in the elastic range. The problem is made more difficult by 

the existence of an interface between the frame and the inf111 Differ- 

ent authors have used different approaches to solve the interface 

problem. Sachanski, Todor and Liaw assumed continuous bond between 

the infill and the frame. Mallic used the finite element method, the 

separation and slip along the interface were included as an integral 

part of the solution. The third approach although refined and sophi- 

sticated, gave results not more accurate than the second one. It must 

be noted that these more exact methods necessarily require the use of 

a computer even for a simple infilled frame and their application to 

multistorey infilled structures is very limited. 

The method described in Part (A) 'of this chapter is based on the 

.1 

second approach: the concept of equivalent diagonal strut. The 

effective width of the strut is estimated for varying frame stiffnesses 

and different panel proportions. Strain energy method is used to 

analyse the equivalent structure. The results of the analysis are 

compared with the experimental results. A good agreement has been 

obtained. Simple methods to predict the cracking and ultimate load 

resistance of masonry infilled frames are also described. 

Analysis of one-storey infilled frames by the method of finite 

elements is described in Part (B) of this chapter. In Part (C) results 

of both analyses are compared with the experimental results and dis- 

cussed and conclusions are drawn. 
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4. A AN APPROXIMATE METHOD TO DETERMINE THE STRENGTH AND 

STIFFNESS OF MASONRY INFILLED FRAMES WITHOUT OPENINGS 

4.2 EQUIVALENT DIAGONAL STRUT 

This analogy first suggested by Polyakov(35), was later adapted 

(17) (48) (27) by Holmes , Smith and Mainstone . The actual behaviour of 

an infill frame is very complex. The statistical. nature of the panel 

material and the complex boundary condition make predicting the be- 

haviour of infilled frames more difficult and results are grossly 

approximate, 

The method based on an equivalent strut has been suggested to 

simulate the behaviour of infilled frames more closely. However, the 

real behaviour is more complex than that of a simple pinned-Jointed 

diagonal strut. At the initial stage of loading, if the infill and 

the frame fit perfectly together, and there is some bond strength be- 

tween the two, a continuous transmission of normal and shear forces 

will take place along the boundary. Tensile forces will be induced 

at the unloaded corners which later causes the separation of the frame 

from the infill, thus the forces are transmitted only along a certain 

length of contact and are concentrated-at the loaded corners; the in- 

fill can then be assumed as equivalent to an inclined strut having the 

same thickness and modulus of elasticity as the panel material, with 

uniformly stressed effective width less than the total diagonal width. 

Unlike the concentrated reaction of a true diagonal strut, the panel 

will induce some change in the mode of deformation of the frame. Be- 

fore the appearance of the first crack, this change in the mode of 

deformation has a little effect on the increase of the overall com- 

posite stiffness. However, after the simultaneous appearance of 

more cracks as the load increases, the initial behaviour of the infill 

will/ 
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will be modified by creating two or more lateral struts in place of 

the original one. Most of the load carried by the infill will be due 

to the wedging, friction and arching action. A remarkable change in 

the frame deformation will result from the redistribution of the inter- 

face reactions. The frame will be carrying a greater percentage of 

the load than at the pre-cracking stage of the loading. In fact, the 

principle of a diagonal strut is no longer valid. The panel material 

is no longer elastic nor does it act as a single unit, thus any esti- 

mation of the stiffness of an infill frame at this stage will be 

grossly approximate, giving the order of deflection only, hence the 

behaviour of the structure cannot be predicted. 

The present adapted method is based on the principle of an equi- 

valent pin-jointed diagonal strut, but the estimation is only applied 

to the pre-cracking stage. The following assumptions are made: 

1. Infill material is isotropic and homogeneous. 

2. The infill is a close fit within the frame. 

3. The infill is not bonded to the frame. 

4. The frame joints are rigidly connected. 

In fact a masonry panel is neither isotropic nor homogenous al- 

though most if not. all the analyses of masonry structures are based 

on this assumption. In order to simplify an analysis this assumption 

is essential and errors from this cause are mostly compensated by 

others. In case of any lack of fit of the infill"inside the frame, 

the initial deflection due to this lack of fit is neglected and the 

stiffness estimated corresponds to that after a complete fit has been 

reached at the loaded corners, provided that the first crack does not 

precede this condition. 

The/ 
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The bond between the, frame and. the irifill is assumed to be negli- 

gible, so that the separation is allowed. The members are rigidly 

connected and no opening of the joints is allowed under the loads im- 

posed by the infill. 

Provided that "lack of fit" does not exist and the joints do not 

open during the loading, the stiffness and strength of a single storey 

infilled frame depend on the following main factors: 

1. The physical properties of the materials. 

2. The ratio of the panel. 

3. The stiffness of the frame members. 

Therefore any stiffness and strength predictions of an infilled 

frame should take these factors into account. The following sections 

describe the analysis procedure. 

4.3 LENGTH OF CONTACT 

It"has been shown that after the separation; the frame remains in 

contact with the infill over a certain length at which the major part 

of the load is transmitted by the frame to the infill. The extent of 

this length of contact depends on the stiffness and properties of both 

the infill and the frame. The following non-dimensional parameters 

have been adopted to express the relative stiffness of the infill to 

the flexural stiffness of the columns and beams: 

h=h4 
EWt Sin26 

h 4EIh hW 

a 1- 14 
Ewt Sin 28 

1 4E1 1W 

The parameter ? 
hh was first adopted by Smith(49.0 The terms Xh 

and X1 are similar to the parameter whose reciprocal. is known as the 

characteristic/ 
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characteristic length in the general solution of the equation governing 

the analogous behaviour of a beam on elastic foundation 
(16 

: 

ET`s44 = -ky 
dx 

The general solution is : 

where k= elastic modulus. 

y=ex (A Cos Xx +B Sin Ax) + e-xx (C Cos Xx +D Sin Ax) 

4V 
4I E 

A, B, C and D are constants dependent on the loading and end conditions. 

The length of contact between the infill and the column and between 

the beam and the infill can be found, if the behaviour of an infili 

frame is assumed to be analogous to real beam on elastic foundation. 

However, there are some variations between the two: the infill provides 

a limited depth of foundation, and the frame members have direct forces 

and restraints at the joints. 

Considering a free beam on elastic foundation under a central 

concentrated load Fig. (4.1). The effective length is defined by the 

points where the deflection of the beam is zero, the general solution 

of the beam will satisfy this condition when Xl = i, 37,5T1,... 

P 
rn , T, ýfm --- ý-.. k- ---- ----- 

Fig. (4.1) 

In infilled frames the column under the lateral load could be represented 

by half of the beam shown in Fig. (4.1), therefore ah =ý, this re- 

(49) 
h 

lation was first adopted by Smith 

In the same way the beam member of an infilled frame could be 

represented as a beam on elastic foundation under a moment acting at 

one of its ends, Fig. (4.2). This moment is exerted due to the 

rigidity/ 
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rigidity of the joint at the loaded corner. In Fig, (4.2) the de- 

flection is zero when Ax = ir, 2ir, 3rr, etc. therefore the length of con- 

, 7T 
tact along the beam al = 

1 

M 
i rýr'i rnmrrri rni mirn irrr-rte ýT'ýmrrr, ý-rm7rnrýr' 

=. X Fig. (4.2) 

According to Heteny: when Xl>rr the beam could be considered as a 

long beam, therefore the loading conditions at the far end of the 

member will have a negligible effect at the other end of the member. 

In most practical cases, Xhh and ill are always greater than n, small 

values of Ahh and X11 represent very strong and stiff frames relative 

to the infill. 

The measured lengths of contact along the column and the beam are 

compared with the adopted curves in Figs. (4.3) and (404). 

4; 4' THE EFFECTIVE WIDTH OF THE DIAGONAL'STRUT 

Experimental results showed the stiffness of an infilled frame, 

and the contact lengths depend on the stiffness of the frame and the 

panel properties. The increase in lateral stiffness caused by in- 

creasing the frame stiffness is much greater than could be attributed 

to the additional stiffness of the frame alone. The increase is mostly 

due to the variation in panel resistance which is caused by the variation 

of contact lengths at which the forces are transmitted, and hence 

variation in length of contact results in varying effective width of the 

assumed diagonal strut. 

The stresses inside the panel vary along the compression diagonal 

from minimum at the centre to maximum near the loaded corners. Along 

the unloaded diagonal the variation is from zero at the corners to 

maximum/ 
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maximum at the centre of the panel. Assuming that the compressive 

stresses vary linearly from zero at the points of separation with the 

column, and with the beam, to maximum along the compression diagonal 

(Fig. 4.5) i. e. (W) is under a triangular stress distribution, there- 

fore the diagonal strut will be under a uniform compressive stress over 

the width w=2 

°°. the effective width w=2 alt+ah2 

W=2+ 2ý 
2 

h 

+ (2, ) 
222 

1h 

in terms of Al and Xh. 

N7 \ 

Fig. (4.5) 

The equivalent strut is assumed to have the same properties and 

thickness as the infill material. The effective width `ßp-9 as function 

of arch is shown in Fig. (4,6) for the infilled frames tested. 

4.5 LATERAL STIFFNESS 

After determining values. of the effective-width of the diagonal 

strut, the equivalent structure Fig. (4.7) can now be analysed to deter- 

mine its lateral stiffness. The diagonal strut is assumed to be pin- 

jointed at the corners and under a uniform compressive stress over the 

effective width 'w'. The reactions exerted by the infill upon. the 

frame at interfaces along the lengths of contact, and the consequent 

change in mode of frame deformation are neglected. Up to the first 

crack, the lateral deflection is very small relative to that of an open 

frame subjected to same loading conditions, the primary response of 

the frame is of direct forces in the members, especially in the windward 

column, therefore this effect may be neglected at this stage. 

Using/ 
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Using the method of strain energy, taking into consideration the 

strain energy of the equivalent strut in compression, the windward 

column in tension and the total frame in bending. The lateral stiff- 

ness is found as follows: 

Strain energy of the strut in compression: U 
Rd 

w= 2E wt 
w 

R? Sin2eh Strain energy of the column in tension: Uc =- 2a U 
c 

Strain energy of the frame in bending Uf= 
(P-R Cös®)2h3 

2.4E Ih 

Total, strain energy: UT =U+ Uo + Uf 

au 
Castigliano' theorem aRT =0; After substitution: 

C 
R 

Cose (A+B+C) p 

tan? $. h 

where A=- 
aE 

c 

(4.5.1) 

E wtCos 
w 

311h+2Ihl 
I6Ilh+Ihl I 

h3 
', 

. 
3i 

1 
h. + 

. 
2Ih1 

12E 1 ll 
161 

h+ Ii' 1 

Substitute (R) in the equation of the total strain energy, then 

aUT 

Dp =A Castigliano' theorem 

lateral stiffness 
A '+'B ;+C (4.5.2) 

"oC (A + B) 

The strain energy in the other members due to direct forces could 

be included and added to (UT) , 

p A+ B+ C+ D 
(C + D) (A + B) 

3 31 h 

where D= ýa2E1 (6I 
h+I1 

ý2 + 4a EI 
c1h1 

eq. (4.502) becomes : 

(4.5.3) 

However, /, 
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However, the contribution is too small and may be neglected. 

The estimated values of lateral stiffness correspond to the 

stiffness of the-structure obtained after the initial deflection is 

allowed due to any lack of fit that may exist.. 

4.6 LATERAL STRENGTH 

Generally an infilled frame may fail in several modes. The 

lateral strength will be governed by the weakest mode of failure of 

the infill and the frame. The frame may fail by shear failure of the 

columns and beam, their connections and the tensile failure of the 

windward column, Fig. (4.8A). Some of these modes of failure have 

been experienced in test carried out by Benjamin and Williams(1)0 

These possible modes of failure could be checked approximately by 

analysing the forces in the equivalent pin-jointed structure, then com- 

paring the forces with the respective strengths of each member. 

Ordinary masonry infillings possess two types of failure, see Fig. (4.8B): 

a) Shear cracking at the interface between the bricks and 

mortar. 

b) Crushing near the loaded corner. 

In brickwork infilled panel the first mode of failure always pro- 

ceeds the second. It appears as a crack stepping downward along the 

diagonal; the location and extension of-the crack are mainly dependent 

on the workmanship and bond strength at the joints. Crushing of the 

brickwork appears as a spallinq of bricks close to the loaded corner for 

relatively low frame stiffness, and crushing over more area inside the 

panel for stiffer frames. 

Diagonal cracks may occur in brickwork walls mainly depending on 

the amount of precompression applied at the top, and shear strength of 

the brickwork. As described earlier, in infilled frames with normal 

brickwork/ 
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brickwork and without external vertical load, this type of failure is 

unlikely to occur, unless a very special mortar is used to increase 

the bond and shear strength of the brickwork (Section 3.8). Diagonal 

tensile cracking is characteristic to panels of-more homogeneous 

materials such , as mortar and concrete(91I, 
49) 

The shear cracking of an infilled frame does not define complete 

failure of the panel because of the restraining influence of the frame, 

it is possible to increase the load to produce eventually a compressive 

failure of the infill. As the compression failure is reached, the 

structure is 'Still capable of sustaining most of the load provided the 

frame has not failed in the manner described above, or because of the 

appearance of plastic hinges. However, the panel will become useless 

from the practical point of view, even the appearance of the initial 

cracks would not be acceptable. For the tests carried out throughout 

this investigation, the frames were designed strong enough to provide 

that the failure always occurs in the inf. ill panel. 

The strength of each mode of failure is described separately in 

Sections 4.6.1 and 4.6.2. 

4.6. Cracking strength 

The brick and mortar composite unit is a highly variable and com- 

plex material. The strength of a masonry unit is affected by many 

(factors 
among them workmanship 

15ý, 
A wide variation in experimental 

results even for similar loading conditions has been experienced by 

many researchers. Accurate mathematical studies has been studied to 

predict the lateral strength of infilled frames, the results were not 

encouraging, very simple approaches were preferred and suggested 
ýl, l7) 

The author agrees-that a very simple, practical formula including 

all/ 
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all varying parameters is justified. Benjamin and Williams 
(3) 

, and 

Polyakov(35) gave similar empirical formulae to predict the lateral 

strength of an infilled frame; based on the couplet formula. Their 

formulae are only applicable to the type of bricks and mortar used in 

their investigation and the influence of the bounding frame has been 

completely neglected. It has been clearly shown that the strength of 

an infilled frame depends on the stiffness of frame members and panel 

properties; therefore any formula for predicting the strength or stiff- 

ness should include these factors. 

The first mode of failure clearly indicates a shear failure along 

the interface between the bricks and mortar, the same mode of failure 

has been observed in shear wall structures without bounding frame under 

lateral and compressive forces(45)o The following relationship for 

shear strength of brickwork has been widely used: 

T=u -F fß 
n 

where T= shear strength of the brickwork. 

u= shear bond strength of the brickwork. 

an= normal compressive stress. 

f= coefficient of internal friction. 

Stresses at the centre of the panel may be approximately computed 

assuming uniform distribution of stresses in the equivalent frame 

shown in Fig. (4.9) : 

* 

Average shear stress at centre 
R Cos9 

of the panel :T- 
c1 

t 
(4.6.1.2) 

w 
Average normal stress at centre 

RcrSin®. al 

of the panel :Q- -1 -t-- Z (4.6.1.3) 

ww 
Substituting/ 

see page 117 [APP. Cj ; ý. ý 
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Substituting equations (4.6.1.21 and (4.6.1.3) in equation (4.6.1.1) . 

Diagonal load to cause shear crack inside the panel = Rcr 

ulwt ' al ýr Rcr 
Cos6(1-f taneal) . since lW = 1lllw 

Iw 

ul t 
Therefore R=w 

cr Cos9 (1-f tan6 7T 

1w 

. 
ul t 

andP = R- Cos 6= w 
w cr 7t (1-f tanE) i) 

1w 

(4.6.1.4) 

In which (Pw) is the load carried by the panel alone as a composite 

wall. 

On the elastic basis the load carried by the frame can be included 

directly from section 4.5, equation (4.5.1) : 

R=P where Cose = A+B+C 

from which, at cracking: Pw ýPcr' 

and Pf = (1-f) Pcr 

u1W t. 

... P 
cr (1-f tane --) 

1w 

p 

=W% is shown in Fig. (4.10) as a function of Ahh. 

cr (total) 

4.602 Crushing strength 

Provided the frame (members and joints) is strong enough so that 

no frame failure. would occur prior to failure of the panel; the ultimate 

lateral carrying capacity of a brickwork. infilled frame is defined by 

crushing of the panel material near and at the compression corners 

I 

Fig. / 
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Fig. (4.8 B). Theoretically, in elastic materials failure occurs at 

places where the maximum compressive strength of the material has been 

exceeded, these are the compression corners at which stress concent- 

ration has developed. In a non-homogeneous composite material like 

brickwork, this basic criterion is altered due to the successive 

cracking of the panel. The crushing may appear anywhere between the 

loaded corners and the middle of the panel, crack propagation being 

more likely to cause spalling of the brickwork. Indeed the first sign 

of crushing appeared at such places and extended towards the loaded 

corner, or spread over areas away from the corner depending on the 

stiffness of the members. Crushing at the upper corner always precedes 

crushing at the opposite corner, this is due to the rigid rotation o'Llr 

the loaded joint, in most of the tests carried out, crushing at the 

latter did not even appear, 

Prior to crushing the panel is in a disintegrated state, its re- 

sistance to lateral load is due to friction, wedging and, arching action 

inside the frame. The composite strength at this stage is influenced 

by all the factors described above, any prediction of the lateral 

strength will be grossly approximate, mathmatical analysis based on 

theory of elasticity cannot be applied. Approximate prediction may be 

derived based on assumptions which may not represent the actual be- 

haviour of the structure. 

In this section an attempt has been made to predict the ultimate 

carrying capacity of infilled frames. The method is very approximate 

and several assumptions have been made : 

It has been taken that the ultimate lateral load of the composite 

structure is the sum of the load carried by each component, i. e.: 

Pult pwu + Pf (4.6.2�1) 
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Where P is the ultimate load carried by 
wu 

the panel alone as a composite 

component. 

Pf is the lateral load carried by 

the frame alone at a deflection 

equal to the lateral deflection 

of the wall at the ultimate load. 

Pf Pfe (elastic) or P 
fp 

(plastic) 

whichever smaller. 

It is assumed that the crushed region extends over the effective 

width of the equivalent diagonal strut (w), 

therefore; 

The crushed length along the column =w Cose 

fW 

Fig. (4.11) 

11, 
"wCose 

It is further assumed that the normal stress 

varies linearly from maximum at the corner 

to zero along the length w Cose, Fig. (4,11). 

.0. The ultimate load carried by the wall, P= 
Zfwt 

w Cosh (4.6.2.2) 

Where fW = the ultimate compressive strength of the brickwork. 
i 

In eqi (4.6.2.1) , the value of Pf represents the lateral load carried 

by the frame alone, not as a composite component, i. e.: neglects the 

effect of the interface reactions, which was also neglected when esti- 

mating Pcr. However, at the ultimate load where deflection is large, 

this effect is more important. The frame will carry a great portion of 

the load due to redistribution of the interface reactions and disinte- 

gration of the panel, which in turn changes the deformation shape of the 

frame and increases its carrying capacity. It may create plastic 

hinges along the beam and the columns rather than the joints which are 

assumed in the calculation of Pfp* However, this effect may be neg- 

lected, the results would be conservative which is desirable in the 

practical/ 
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practical point of view, and may compensate for any error in over- 

estimating the value of P 
Gau 

In order to determine Pfe, the wall lateral deflection at failure 

is required. Deflection at the crushing stage is very large. After 

cracking, most of the lateral deflection is due to sliding of the 

brick layers along the cracked joints. Accurate prediction may not 

be possible, a value could only be obtained based on approximate 

assumptions. Before cracking, strain along the compression diagonal 

varies from maximum at the corners to a minimum value at the centre of 

the panel. At failure, strain at the compression corners is equal to 

the failure strain of the panel material. However, if ii, is assumed 

that at failure the strain along the whole diagonal is equal to the 

failure strain; " an approximate diagonal. deformation could be estimated. 

The strain variation along the diagonal, which is neglected, may cor. - 

pensate for the additional deflection caused by sliding along the 

cracked joints. 

Tests have shown that the modulus of elasticity decreases as com- 

pressive stress increases 
(44) 

The following relationship has been 40 

derived from the results of tests carried out by the author on brick- 

work walls under axial compression (Appendix A). 

E-0.75 x 10-6 - 125 a (4.6.2.3) 

From eq (4.6.2.3) value of the modulus of elasticity at. failure (E ) 

is estimated by substituting Cr = fw, then, the strain at failure 
f 

cc Ew 
The value of c can be also obtained from the experimental 

c 
wu 

stress-strain diagram of the brickwork under compression. 

Diagonal deformation dw=cd 
cw 

eW 
Frame lateral deflection (cf) = Wall lateral deflection sW 

Cos() 

For/ 
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For a laterally loaded bare frame ph3 
3I1h+2Ic 1 

:S=[] f 12EIý 6I1h+Ih1 

The elastic load carried by the frame at 6 
f= 

12E2 61 
l 

h+I Lh 
Pfe df 

h3c 3I 
1 

h+2I 
hLI 

(a°6.2.4) 

Therefore eq (4.6.2.1) becomes: 

1 
12EIc DIlh+Ihl 

Pult = 2fwtw Cos® + Sf 
3 3Ih+2I1 

1 (4.6.2°5) 
h1h 

The plastic load carried by the frame under the assumption that 

the plastic hinges develop at the joints : 
4M 

Pfp =. 1 
p (4.6.2.6) 

Because of the interaction forces and the disposition of the 

plastic hinges, Pfp is much higher than values obtained from eq (4.6.2.6). 

Since no plastic hinges occurred in the frames tested, therefore only 

Pfe is estimated in eq. (4.6.2.1), and compared with experimental results. 
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4. B ANALYSIS OF INFILLED FRAME'S BY THE FINITE ELEMENTS METHOD 

4.7 THE- FINITE ELEMENTS METHOD 

The finite element method has proved itself as. a powerful method 

for analysing complex structures such as non-frame-type structures. 

The method is extremely valuable in being capable of analysing plates 

or rigid bodies which may be not only irregular in shape but in which 

the physical properties may vary from one part to another. 

The structure is idealized as an assemblage of a number of geo- 

metrically shaped discrete elements whose individual stiffness 

properties can be estimated. These elements are assumed to be con- 

nected at the nodal points (corners) only. The relation between the 

internal displacements of each element and its nodal displacement is 

specified. This is done by using a displacement function to specify 

the pattern in which the element is to deform. The displacement 

function should satisfy internal compatibility within the element, and 

should also. . maintain. compatibility of displacements between adjacent 

elements at the nodes and along the boundaries. On the basis of this 

displacement function, the element stiffness matrix, which relates the 

element nodal forces to the element nodal displacements, as well as 

the element stress and the element'strain matrices for each element are 

derived. The element stiffness matrices are used to build up the 

overall stiffness matrix for the whole structure, then nodal displace- 

ments and support reactions are determined. Having found the nodal 

displacements, the element stress and the element strain matrices can 

be used to determine the stresses and strains for each element. The 

finite element method has been described in detail in reference (65). 

The accuracy of the method depends on the shape and size of the 

elements/ 
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elements, and how close the behaviour of the actual structure is 

represented by the idealized structure. This in turn depends on the 

behaviour of the elements, which form the idealized structure. In 

order to maintain accuracy, a large number of elements is required 

resulting in an increase in the number of unknowns and a corresponding 

increase in computer time. 

Recently the finite element method has been applied to masonry 

shear wall structures(22). A masonry wall can be represented by a 

two-dimensional system, stresses parallel to the height and length 

of the wall have constant values along any line perpendicular to the 

face. 

The main difficulty facing any detailed analysis of a masonry 

system is its non-homogeneity resulting from the difference in pro- 

perties of the brick and-mortar, The finite element method provides 

for the analysis of non-homogenous materials such as brickwork by 

dividing the bricks and mortar into separate elements. However, this 

requires an enormous number of elements which could be beyond the 

capacity of the existing computers, and makes its application un- 

practical. 

Detailed theoretical stress analysis of brickwalls using finite 

element method by Smith and Rahman' 
53 54) º have shown that any analysis 

based on the assumption. of a homogeneous material may lead to a sub- 

stantial underestimation of the maximum stresses. 

Karamanski(21) was the first to apply the finite element method 

to the analysis of infilied frames. He assumed continous bond between 

frame and panel, the frame was assumed to be flexible carrying only 

(29) 
direct forces, Later Mallick and Severn included the separation 

in/ 



59. 

in the analysis whilst the axial deformation in the frame was neg- 

lected. Due to the nature of their analysis; the procedure needed 

to be repeated several times which required a great amount of com- 

puting time even for a small number of elements. 

The following sections describe the application of finite 

element method to infilled frames. Separation and slip between the 

frame and panel as well as shear, axial and bending deformation of 

the frame have been included. The procedure has been simplified in 

order that results could be obtained directly. The STRUDL(55) Pro- 

gramme for finite element method at E. R. 000O* in a 
370/155 

machine 

has been used. The C. P. U. time for 64 elements and 38 members was 

approximately 60 seconds. 

4.8 ASSUMPTIONS AND ANALYSIS PROCEDURE 

The infill material is assumed to be homogenous. There is no 

bond between the frame and panel, therefore, slip and separation bet- 

ween. the frame and infill is allowed, The structure is idealized as 

shown in Fig. (4,1 2).. 
_The 

The panel is divided into rectangular elements, 

and the frame into members. The version 2 of ICES/360 STRUDL 11 
(55) 

has been used which permits the combination of member and element 

types regardless of the number and type of their nodal unknowns. The 

panel is analysed as a two dimensional linear plane-stress problem. 

The rectangular 'PSR' type element with four nodal points at the corners 

has been used. It has two unknowns Ül. U2 per nodal. The element 

stiffness matrix is computed based on the displacement function: 

U1ý 

* E. R. C. C. : Edinburgh Regional Computing Centre, 
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U1 = nl + a2x + a3y + a4xy 

U2 = a5 +a6x+ any + a8xy 

The function produces a quadratic displacement field over the 

element, but a linear displacement variation along the edges. The 

loading should be applied at the nodal points. The frame is analysed 

as a plane frame type. 

In order to take the separation between the frame and the panel 

into account, the frame is assumed to be in contact with the panel 

along the lengths al, ah (Sec. 4.3) only, therefore other joints at 

the boundary which are not. connected would have separate displacements 

in both vertical and horizontal directions. Also in order to allow 

slip to occur between the frame and panel at the contact points, it 

is required to permit these points to have separate vertical displace- 

ments along the columns, and separate horizontal displacements along 

the beam. As a free joint it is not possible to release the joint 

in a direction, therefore, it was assumed that along the contact 

interfaces the frame is connected to the panel through finite small 

members with a length equal to the half of the frame member thickness; 

then as a member its end could be released in any direction required. 

Moreover, in this manner the centre lines of the frame members and 

the actual length and height of the panel can be preserved. The 

axial forces in these discrete members represent the normal forces 

transmitted from the frame to the panel through the connected points. 

Since no bond between the frame and panel is assumed, there is 

no shear force transmission along the interface. Shear forces due to 

the friction between the two components can be introduced in the analysis 

in/ 
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in two steps: first analyse the structure as described above, second, 

introduce friction forces at the contact points equal to the co- 

efficient of friction (between steel and brickwork) multiplied by the 

normal forces transmitted to the panel; and re-analyse the structure. 

The friction forces should be applied to both the panel and the 

frame in opposite directions as shown in Fig, (4.13). When friction 

forces were introduced in the analysis, the stiffness of the structure 

increased about 10 - 25% for flexible and stiff frames respectively. 

Only results including friction forces are compared with the experi- 

mental results in Part (4C), 

The frame is fixed at the base, and all the members are rigidly 

connected, The panel is fixed along the length al at the base 

and released in the horizontal direction except at the compression 

corner point. The lateral load is applied at the frame joint. The 

results of the analysis include: joints displacement, member forces 

and deformation, elements strain, stresses, principle strains and 

principle stresses at the baricentre of the element. 

The structures were also analysed neglecting all interaction 

forces (normal and friction), the frame and panel are connected only 

at the two loaded corners. Results are discussed in Section (4.11). 

4.9 MEMBER FORCES 

Bending moments, shear and axial forces in the members are 

obtained from the analysis described in section (4.8). The distri- 

bution and amount of loads transmitted from the frame to the panel are 

also directly obtained from the analysis, which are the axial forces 

in the connecting members. No bending moment will be introduced 

in these members, since their ends have been released in the direction 

perpendicular/ 
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perpendicular to their axis. 

In order to obtain more accurate force distribution at the 

interfaces, a great number of connecting members will he required, 

in turn greater number of panel elements is needed since the frame 

can be connected to the panel only at the nodal points. Figure (4.14) 

shows a typical bending moment diagram for an infilled frame, shear 

and axial forces, and forces in the bare frame are also shown. 

Figure (4.15) shows the deflection shape of both frames. Interaction 

stress distribution for panels WS2, W12 and WL2 are shown in Fig. (4. l6). 

Bending moments. are remarkably reduced due to the presence of 

the infill. The interaction reactions on the frame members have 

modified the deformation shape and bending moment diagram of the 

frame. The points of zero bending moment have been shifted from 

the centre of the members towards the joints. However, the axial 

force in. the windward column is increased. Shear and axial forces 

in the beam and leeward column are reduced considerably. In flexible 

frames the bending moments are reduced and the axial forces become 

dominant. Some of the results are shown and discussed in Section 

(4.11) o 

4.10 STRESS DISTRIBUTION INSIDE THE PANEL 

The maximum principle tensile stress occurs at the centre of 

the panel, and the maximum principle compressive stress at the two 

compression corners. Normal and shear stress distribution are non- 

linear and highly concentrated at the loaded corners. 

Normal and tangential stress distribution at different sections 

along the length and height of the panel are shown in Fig, (4.17) to 

Fig, (4,21)F for square panels and rectangular panels with different 

height/ 
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height : length proportion, in all cases the frame members thickness 

is 0.75 inch (WS21 WT2 and WL2). The stresses shown are due to a 

100.0 lbf applied laterally at the top left-hand corner of the in- 

filled frame. The principle tensile stresses and the principle 

compressive stresses and their direction are shown in rigs. (4.22) to 

(4.24). 

For panels with constant height : length ratio, variation in 

frame stiffness affects not only the length of contact, but force 

distribution at the interface between the frame and panel also, and 

in turn affects the stress distribution inside the panel. With stiff 

frames the principle stresses inside the panel are reduced resulting 

in greater stiffness and carrying capacity by the panel. 

As 1; h ratio increased, the normal and tangential stresses 

along the centre line of the panel are decreased, rnore appreciably 

the normal stresses. This in turn decreases the shearing resistance 

induced by normal stresses (fan), thus reducing the gross shear 

strength of the panel. This supports the discussion given in section 

(3.9). In rectangular panels, tensile stresses are induced at the 

unloaded corners, which may cause cracks at these corners. 

Stress. distributions for panels with different frame stiffness 

are similar to those shown in Figs, (4.22,4.23 and 4.24) but with 

different values. 

N 
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4. C RESULTS AND CONCLUSIONS 

All results are shown in tabular or graphical forms in terms 

of dimensionless parwr, eters. The mean values of experimental re- 

suits are taken from Chapter 3, and shown with their appropriate 

curves. Results are compared and discussed. Results are also 

compared with other's work. Suggested design curves are presented, 

and finally conclusions are given. 

4.11 COMPARISON OF RESULTS 

4.11.1 Cracking strength 

All results are shown in Figs, (4.25) to (4.27). The curves 

are the theoretical values, estimated from equation (4.6.1.4) (cracking 

strength of the brickwork panel alone as a composite panel), -and eq. 

(4.601.6)(total strength of brickwork infilled frame). Mean values 

of the experimental results are also shown. Results are shown. in 

terms of the dimensionless parameters 
üirt 

and all [shear bond: 
W (45) 

u= 50 psi. Appendix (A). Coefficient of friction: f=0.74 ]o 

The experimental results are 1- 8% above, or below the theore- 

tical curves, except for the rectangular infilled frames with all = 

7.33 (frame thickness = 0.75 inch), where the experimental value is 

16% higher than the predicted value, and which is even higher than 
, 

the test value for the panel with all = 5.96 (stiffer frames). 

The agreement between the experimental and theoretical values 

is,. very. good regarding the simplicity of the prediction and the 

statistical nature of brickwork in such a highly composite system. 

The cracking strength of brickwork infilled panel depends on the 

relative stiffness of the frame and the panel, and mainly on the 

shear/ 
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Table (4.1). Comparison of experimental and predicted cracking 

strengths (Previous Work). 

I 

Test No. 
Panel 
hx1 Panel 

Panel 
thick. ) 

Frame 
(wxt) 

Crack load 
(Ton) 

No. Original (inches) Material (inches ; inches) 
Exp. Pred. 

1 2 96 x 96 Brick 4-3/16 None 13.0 10.1 
2 3 96 x 96. Brick 8-3/4 None 28.0 21.5 
3 5 96 x 180 Brick 4-3/16 None 15.0 17.6 
4 10 96 x 96 ( 6* None 14.1 14.4 
5 11 96 x 96 ) (b 6* None 13.0 14.4 
6 12,13 96 x 96 

lock 
( block 

) 6* None 15.5 14.4 
7 14 96 x 96 erf. br. 4-1/8 None 23.0 22.4 
8 1 96 x 48 solid br. 4-3/16 None 1.1.1 10.35 
9 4 96 x 96 solid br. 2-5/8 None 11.9 9.5 
10 B. W. l-}5 30.9 x 45.4 st. brick 2.5 4.4x4.4 8.4 7.0 
11 B. W. 6 67.5 x 99 st. brick 5.5 9x9 30.1 34.3 
12 B. W. 7 67.5 x 99 St. brick 5.5 9x9 34.0 34.3 
13 B. W. 8 90 x 132 st. brick 8.0 12 x 12 56.7 65.7 
14 4-a-1 20 x 28 st. brick 2.25 5x4 5.8 7.5 
15 4-a-2 20 x 40 st. brick 2.25 5x4 6.7 7.95 
16 4-a-4 20 x 40 4 size b 2.25 5x4 8.48 7.95 
17 4-a-3 20 x 62 St. brick 2.25 5x4 11.6 11.3 
18 3-b2-2 33.5 x 58 st. brick 3.75 7.5x 5 17.86 1.7.63 
19 3-b2-2a 33.5 x 58 st. brick '3.75 7.5x 5 16.1 1.7.63 
20 3b-2-3 33.5 x 58 st. brick 3.75 12 x5 19.6 18.9 
21 3b-2-3a 33.5 x 58 st. brick 3.75 12 x5 16.1 18.9 

* Mortar area 4 inches. 

Notes 

1. Tests (1 to 9) : carried out by Simms 
(47) 

. 
2. Other test: carried out by Benjamin and Williams 

(3). 

3. In Benjamin and Williams' tests, the frame is reinforced concrete. 

4. In Benjamin and Williams' tests, values of (f) and (u) are taken 
from their paper, based on an average shear stress, and the 
workmanship factor is also included. 

5. Benjamin and Williams' results are taken from the graphs, they 

represent the load at the first crack. Results are converted 
from Kips to Tons. (K = 1000 lbf). 

6. For Simms' tests, values of (f = 0.70) and (u = 50 psi) have 
been assumed for solid bricks, (f = 0.3) for perforated bricks, 
(f = 0.7) and (u = 75 psi) for the block wall tests. 

7. An equivalent value of X11 = 20 has been assumed for Simms' 
tests, and the values represent the wall load only. 
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shear bond strength of the brickwork which depends in turn largely 

on the workmanship and suction rate of the bricks at time of laying. 
(44) 

and independent of the mortar and brick strengths. These factors 

and others affecting the shear strength of brickwork could not be 

accurately controlled in practice, even under laboratory conditions. 

Variation in experimental results is therefore inevitable and an 

approximate method is appropriate, although errors of as much as 40% 

with respect to some of the individual tests have been obtained. 

The three theoretical curves are drawn in Fig. (4.28). These 

curves may be used for practical design purposes, provided that 

values of the parameters involved are known or estimated from experi- 

ments. ICürves for panels of other height : length proportion could 

be easily drawn from equation (4.6Q1.4) 

The method is checked against some of the published experimental 

results for brickwork panels (load causing the first. crack) from other 

investigators 
(3'47) 

0 The comparison is shown in Table (4.1). 

Appropriate values of the parameters involved are either assumed, or 

taken from the investigators published values. The predicted values 

compare satisfactorily with. the experimental values. 

4.11.2 Ultimate strength 

Experimental values and theoretical curves are shown in Figs. 

(4.29,4.30 and 4.31). The curves (1), (2) and (3) represent the 

ultimate lateral load carried by the panel as a composite wall (eq. 

4.6.2.2), the ultimate load carried by the infilled frame based on 

the estimated values of deflection (eq. 4.6.2.5), and the ultimate 

load carried by the infilled frame based on the measured deflection at 

ultimate/ 
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Table (4.2) Comparison of experimental and predicted ultimate 

strengths of the brickwork infilled frames. 

Test Frame Predi cted (T ons) Experi 
ent series h Section (in) Smith* olmesT Author 

m 
(Tons) Notes 

WS1 1 0.5 x 1.50 6.18 6.72 2.81 3.66 See below. 

WS2 1 0.75 x 1.50 8.39 7.06 4.38 3.94 

WS3 1 1.0 x 1.50 10.40 7.62 6.97 6.70 

WT1 1.6 0.5 x 1.50 6.35 10.56 3.68 3.51 

WT2 1.6 0.75 x 1.50 8.63 10.90 5.54 5.28 

WT3 1.6 1.0 x 1.50 10.68 11.47 7.95 7.70 

WL1 2 0.5 x 1.5 6.54 13.10 4.08 3.60 

WL2 2 0.75 x 1.5 8.87 13.44 6.21 6.23 

WL3 2 1.0 x 1.5 11.03 14.00 8.69 8.57 

* Estimated from Iiult 

+ Estimated from: 

= atf', Smith 
(50) 

, ah 2X 
hh 

24EI e'd 
Hult 

h3(1 + Ic 
Cota) Cosa 

+taf Cosa (Holmes)(17 
3C 

Notations are Holmes' (see Chapter 2). 

According to Holmes fc = compressive strength of brickwork 

in the direction of the diagonal, therefore fc is taken as 0.7 

x Ultimate compressive strength of brickwork 

0 Based on the measured values of maximum deflection eq. (4.6.2.5 0 

Smith's predicted values represent the load carried by the wall 

alone, if the frame load is to be added, results are higher. 
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ultimate load (eq. 4.602.5). Results are expressed in terms of the 

dimensionless parameters 
pult 

f ht and ahh. 
ww 

The experimental values compare satisfactorily with curve (3), 

all test values fall 0- 11% below the predicted values, except for 

the square panels with ahh = 7.07 (flexible frame) where the test 

value is 23% higher than the predicted one. Curve (2), based on 

the estimated value of maximum deflection which is estimated from 

the strain at failure of the panel material along the compression 

diagonal, also gives a good prediction of the experimental values. 

The discrepancies are within 2- 15%. Comparison between the three 

curves show that: for high Ahh values (flexible frames) the amount 

of load carried by the frame alone is not considerable, this could 

be also noted for the cracking load predicted curves. 

As described earlier in section (4.6.2), the method is based 

on many approximate assumptions, among them: a crushed region taken 

as equal to the effective width of the equivalent diagonal strut. Be- 

cause of the non-homogeneity of the panel material, spalling was dis- 

located, in some cases appeared at the centre of the panel, but 

generally concentrated near the corners. A definite crushed region 

is very difficult to state. However, the results were comparable to 

the experimental ones, therefore was adopted for its simplicity. 

Other investigators also have assumed different crushed regions 

in their prediction of ultimate load. Smith 
(52) 

defines the crushed 

region by ah (lensjth of contact along the column), and Holmes 
(17) 

assumes the crushed region to be one-third of the diagonal length. 

The experimental values are compared with the predicted values from 

Holmes 
(17) 

and Smith's 
(52) 

equations, Table (4.2). 

It/ 
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It can be seen that their prediction over-estimates the ultimate 

strength of he infilled frames. It is believed that: equation 

(4.6.2.2), curve (1), also over-estimates the strength-of the panel 

at failure as a composite walte, however, since when the load carried 

by the frame alone is estimated, the interaction forces between the 

frame and the panel, which increases the strength of the bare frame 

considerably, are neglected, it appears that the frame under--estimation. 

has compensated for the panel over-estimation, and the total strength 

is reasonable. 

The method could be applied to both brickwork and concrete in- 

fill panels. The theoretical curves for strength of the panel as a 

composite wall. only are shown in. Fig. (4.32), and may be used for 

design purposes. The load carried by the frame also could be added 

provided the panel material strain at failure is known, i. e. similar 

curves to (2) could be obtained. 

preferable for practical design. 

4.11.3 Lateral stiffness 

Results are conservative which is 

Experimental and theoretical results are shown in Table (4.3) 

and in Figs. (4.33,4.34 and 4.35) in a graphical form. Column (5) 

in Table (4.3) represents the values obtained from the approximate 

method (equivalent diagonal strut eq. (4.5.2)). Column '(6) are the 

values obtained; -fromthe finite element analysis including the inter- 

action forces both normal and friction forces (Oo3 has been assumed 

for the coefficient of friction between mortar and steel). Column 

(7) gives the values obtained from the finite element analysis neg- 

lecting the interaction forces, i. e. the panel is only connected at 

the two compression corners, Curve (3) is the theoretical values 

x 

based/ 
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Table (4.3). Comparison of the experimental and theoretical 

lateral stiffnesses., 

Test 
, xperi 
ment. 

Theoretical 
T/inch (author's) 

_ 
predicted by 

series h: 1 Xh F. E. + F - Smith Smith B. &W. h (T/in) pprox Inter. hip. M* (1)* 2* 

WS1 1: 1 7.07 47 43 50.5 48.5 48 65 193 

WS2 1: 1 5.256 55.5 60 59 51.5 57 75 193 

WS3 1: 1 4.269 65 78 70 55.5 63 81 193 

WT1 1: 1.6 6.88 52 53.7 56 55 46 89 310 

WT2 1: 1.6 5.116 68 74.5 69 66 51 99 31.0 

WT3 1: 1.6 4.155 90 95.5 81 70 57 112 310 

WL1 1: 2 6.685 55.3 54.5 60 58 44 87 387 

WL2 1: 2 4.97 71.2 76 76.5 67 48 98 387 

WL3 1: 2 4.037 97.5 97.3 99 76.5 55 108 387 

* Notes: 

(1) Smith's predicted values are estimated on the basis of an 
(50) 

equivalent frame. pin-jointed In column (9) the values 

of (w) "effective width" are obtained from his analytical 

curves. "w" for column (8) is obtained from the modified 

curves according to experiments. 

(2) Benjamin and Williams'results are estimated from 8=1.2 b°(3 

atG 
which has been recommended for reinforced concrete frames with 

brickwork infilling. 
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based on the equivalent diagonal strut as in (1), but obtained from 

the stiffness analysis. using the STRUDL Program for structural ana- 

lysis at Edinburgh Regional Computing Centre, which includes the 

axial deformation for all of the frame members, term D in eq. (4.5.3) 

as well as rotation and shear deformation in the frame. The curve 

is co-linear with Curve (1), and 2- 4% below the values obtained 

from eq. (4.5.2) , -Results are very comparable, therefore for a 

single-storey infilled frame, the approximate method directly esti- 

mated from eq. (4.5.2) is suggested. In the following discussion, 

only curves (1Y and (2) are considered. 

The approximate method shows good agreement with the experi- 

mental values, the method generally over-estimates the stiffness of 

the system slightly. The comparison is very good for rectangular 

panels, and not so good for square panels, especially for very stiff 

frames. 

The estimated values of the stiffness mainly depend on the value 

of the effective width of the diagonal strut, which is derived from 

the adopted curves for length of contact at the boundaries, therefore 

errors in estimating the length of contact will result in different 

values of effective width, and in turn a different overall stiffness. 

The great difference between the approximate method and experi- 

mental. values for the square panels with Xhh = 4.25, could be mainly 

attributed to the estimated value of length of contact along the beam 

For a stiff and short beam, conditions at one end affect 1 all 

the forces and deflections at the other end, such as moment restraints 

exerted by the leeward column, thus in turn different al value would 

be obtained. However, for rectangular panels the beam is relatively 

long/ 
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long compared to its stiffness, this effect is almost negligible. 

Other factors which could affect' the stiffness are: (a) the 

assumed triangular compressive stress distribution along the dia- 

gonal; this is an approximate representation of the actual stress 

distribution although the maximum compressive stress over this area 

obtained from the finite element analysis shows close agreement with 

the assumed shape of stress distribution; (b) The strain energy due 

to bending in the -frame in eq. (4.5.2), neglects the interaction forces 

which increase the frame stiffness. If added, the overall stiffness 

would be increased even more. However, as described earlier, up to 

the first crack (the linear portion of load-deflection curve) the de- 

flection is. very small,, therefore this effect is neglected. 

The finite element analysis, method (1) gives better results 

for square infilled frames, but the results are less good for rect- 

angular panels. For a particular panel, variation up to 20% may 

result from this analysis by changing the boundary conditions at the 

interface. 

As described in section (4.8), the analysis was first carried 

out with no friction forces at the interfaces, for some of the panels 

the assumed length of 
. 
contact (obtained from ah 2X ht al = awl 

h1 

needed to be modified slightly because tensile forces were induced in 

the connecting members. In the second stage, friction forces were 

introduced, the stiffness increased from 10% for flexible frames to 

about 25% for stiffer frames (only results from second stage are 

shown in Table (4.3) and Figs. (4.33,4.34 and 4.35)). 

The analysis was also carried out neglecting all interaction 

forces at the boundary. The panel was connected to the frame only 

at/ 
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at the two loaded corners as a diagonal bracing system. These 

values are shown in Table (4.3) column (7). This analysis is 

similar to the approximate method, but the interaction forces in this 

case are neglected for both the panel and the frame. Results from 

this analysis are below the values from analysis (1). 

It is interesting to note that for a particular panel with con- 

stant, height to length ratio, variation in frame stiffness gave only 

the additional stiffness due to the increased frame stiffness, unlike 

the other methods and the experimental results. This clearly demon- 

strates the importance of including interaction forces on the panel, 

and the composite behaviour of an infilled frame. 

The idealization of the system section (4.8) for analysis is an 

approximate one, but enables the analysis to be carried out more 

rapidly than was presented b Mallick and Severn 
(29) 

by , and the ? 
_nter- 

action forces are determined directly, better distribution of these 

forces could be obtained if a smaller element size is taken. 

The interaction forces could also be obtained from the approxi- 

mate method by assuming an interaction force distribution shape over 

the length of contact with the column and the beam in which in each 

case its area is equal to the horizontal and vertical components of 

the diagonal load carried by the panel, respectively. Average 

tangential and normal stresses inside the panel could also be estimated 

from section (4.6.1), but the finite element analysis gives better 

stress distribution in these respects. Unless the inside behaviour 

of the panel is required, the approximate method for analysis is re- 

commended. 

These methods could be applied to frames infilled with masonry 

or/ 
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or plain concrete. The approximate method may underestimate the 

stiffness of reinforced concrete infilled frames, because of the 

better bond between the panel and concrete, the initial stiffness 

could be very high, and the panel may crack before a complete separ- 

ation occurs at the boundaries. This behaviour also occurred in some 

of the experiments carried out in this investigation which resulted 

in a higher stiffness value. However, unless proper shear connectors 

are used, the analysis is recommended to be carried out assuming no 

bond at the interfaces. 

It is difficult to verify these methods with the experimental 

work of other workers on brickwork infilled frames since it is not 

clear whether the published values of stiffness are the initial or 

the mean up to the first crack, or taken from the linear part of the 

load-deflection curves. The author's experimental results are com- 

pared with other's predicted values. in Table (4.3). As discussed in 

section (4.1), the simple -"strength of materials" method overestimates 

the stiffness. The equivalent diagonal strut methods give reasonable 

results if proper value of the effective width of the diagonal strut 

is taken. 

4.11.4 Member forces 

Member forces (bending moments, axial forces and shear forces) 

are estimated from the three methods (approximate, finite element with 

no interaction forces and finite element with interaction forces), and 

compared with the bare frame forces. Results for frames with 0.75 

inch thickness and different height to length ratios are shown in 

Table (4.4). Table (4.5) shows the results for square panel for 

. different frame stiffnesses. 

Bending/ 



0 

L 

a 
ä -u-ý 

. 
N 
U) 

In 

0 
4-4 

to 
b 
0 

N 

N 

Q) 
4-a 
4.4 
.d b 

'd 
(1) 

b 

N 

U) 
N 
U 

0 
4-4 

a) 

la 
4-4 

d) 
a) 

a) 
A" 

N 
03 
O 
U) 

r[S ni 

N 
O 
U 

, -. 
ýt 
ti 
v 

N 

rd 
H 

O r-I r-I r1 H rI r-I Gl ri rl 
k M O 0 v v 

N v .1 N v 

lnl Lfl in Lf1 
U) " " (1) (!? U) Ui Ul. (! ) " to U) 
0) O 0 Fl < W 

U 
i i 

O N in H in H Ln 
r-1 CM r-i Co e N Co N N CO in in 

N Co 
S1 d' C') 0 0 N H 0 O r-ý O 0 

aý o 0 O o o o 0 0 0 0 0 0 

CO Co in " rn It) H r- in LO In C1' 
r-4 0 U) C, 4 (N 0 m r -1 H 0 0 r-i rH 

b m O O rl O O in m 0 0 

O 0 O O G o O O O O O O 

N . -. l0 H H in 

M (N O N ý (5) 0 0 v 0) 0 0 
d' N O O H O O . -ý O 0 

U, U) . " o o 0 0 r o 0 0 
- 

o o o ýc 
v co Co io U to to r-i N r- ýo n in H 

N 0 0 H H o 
H 0 

0 0 0 0 in 0 O 0 

O 0 O O O O O O 0 0 0 0 

"rI Ln 
rI N H in le CO N N r-I r"H 

r-I N M LO I- le CO M ßl O 
le 0) Ol Ol N in l0 

" 
lU 

" 
r-i 

" 
in d' Lfl 

. 

O 
. 

O 
" 

O 
" 

O 
" 

O 
IN 

0 O O O 
" 

O 
" 

O 
" 

O 

+-3 r. Y. .. ^ .. . -. rt 0 cý FC FC rC rn FC ýC FC Q 
N " " " " 

00 ul in U) U) ý U) U) 
O FC FC ýC FC ýC 

O (Y) PQ al m co W m W N W al 
xý U le w '- le - le "- .. 
a O ul O O U) U) 
ýC N FC FC FC 

LO GD Co N 
0 

r~ W lr in 0 rn N in N O in LO 
O 
ý. 

ý 
" 

r-I M r-I O ßl ch O O CO rý O O 
N r-i H 

tiý N N IC) 
"r1 O N ON N 0 rn 0) Ln b l0 61 d' N M in O 0) N ýo O rn 
N CO O r-I r-I O O H 0 M O rI O 
W N M 

4j " 4j 4-) 

" rl M V/ f 
" rf 

N. 
4 Qi 

Fr "ý " ý " rf M 

- v ' W ý tu W W 
rn W 

W C, u) 
m 

W v U) v v 
ý 

U) as 4-+ w w w as 4, w w PQ 4-4, w w 
U) _ in 

"rl r1 " N 
0 4J N li 

X 3 II X II >C 
av ý+ ýýs ý. r-1 

ý 
, ý" c- i- rII ý o�s . 



UQ 

Lý ý 

a 

N 

(ti 

U) 

0 
4-a 

U) 
r8 

r. 

v 
v 
w 4-4 

b 

N 
U) 

RS N 
r U) 

"r I to 
4-) N 
to r; 
d) 44 

44 
to "ý N .N U U1 

ON 
4a r4 

N 
N 

44 

4) 
c 44 
N 

NN 
N Ua 

4+ 
"rq mb 

o ". - U 
N to 

O rd 
ua 

d' 
v 

N 

EH 

o Co 
H H H to H H H M H H 

M IC) M 
(D 
In 

- r v w v v 

ýC 
o o 

u) 
ýc 

U) U) 
o U) U) 

If ) 

0 0 ä ä; 
v U 

O H 
U% CO N CO 

N Ln 0 0 N C. (1 N 
H 

N CO le M 
( N mot' N O C M O 0 M O O 
Cd O O O O O O O C O O O C 

N Ln CO rn 
' in O 0 O 

in 
O 

" 
N 

. 
0 0 LU ch 

N 
O N 

0 
0 
u) 

N 
d' 

LU 
0 0 

O O 
. 

O 
. 

O 
. 

G 
-. 
O 

. 

O 
. 

0 
c 

O 
. 

G O 0 

r--I N 
0) CO 

H r-i 
N 

N 
CO 'ý r-4 

CO 
ýr 

H 
CV M N in O G C) 0 

a o ö ö 0 Co 
0 O 0 

U 
O 0 C) 

0 Co 
N 
Co Ln Ol in LO 

Co 
H M 

00 
N 0) N U N o 0) 0 0 H 0 Co 0 

. 
0 

. 
C 

. 
0 

. 
0 

Ö 
0 O 

44 
0 0 O 0 

. 

0 
" 

O 
. 

O 
. 

O 
. 

O 
. 

O 
" 

O 
. 

O 
H 
tu 

-rl -I 
H c") fit' CO H lý ri Lrl r-I N ri lq ý N 
d' 

N 
C) 

UD 
0) 

CO 
Oý 

N 
d' 

M 
ON 

If) 
) 

N N 
' 

le N LO 
" " " " " " 

0 mal Co 0' Cr 
O O O O O G 

" 

O 
" 

O 
" 

O 
" 

O 
" 

O 
" 

C 

4-3 (N ^ O FC aC FC M Q l0 d' `ý "" u lfl s v N " " " 

o CO M t! ý to FC ýC FC ,ý FC 

ý ý 
(3) CQ W Co m CQ PU CQ 0) P4 PQ 

. U d r-i v ýo u ' % 
a 
>C 

O O cry '-ý f12 (n N ýC KC ý ýC ýC 
4j 
Z: 
O 

u0 
de 

m 
LO 0 0 LO 0) M 

LO 
In M M 

Lf1 
0 

0 M le d' In 0 0) d' m l0 
fi 

" 
' 

" 
N 

" 
O 

" 
O 

" 
N 

" 
M 

" 
H O H d' 

" 
N 

" 
H 

ö-1 
N N 

gi - 
-9 

ýD 
M 
Co 

00 
w O N of r 

00 
Ln 

LO LU 
RC, lfl M cV LO lfl dl d' N l0 CO H 

lp 
N 

1 N O O 0 CO O H r"-I Co H M cy N (N N 

ý N 
Ra 

(1) 
N ý. " " H 

+J 
'1 N 

d) 
" . -. " " -i 

4. ) 
' ' C 

v ý 
4-3 

4 W W , }1 S-I (13 W H W 
- 
N 

r ,. 
I 

J 
iI rti 'i -4 H 

N tY 4-) b I " v ja v Öl +-J rt3 f-I 
W 

" 
' 
ý- 

W 
. 

(N 
. - t5' 4 3 Z -i W4 Ga v G4 `-' W to pU LI W GW W U) OQ '+a fý, W W - U) 

L 

ä 
U) 
ý n 

0 
- k 

0 
) ". -, 

X 
L, . -. 

C 
0 < u) 

- - (0 f Nn " CO 
r 

O O + 3 rd O LO 3 u Ri U [- r-i ý Rf U 
P4 v '+-a U) o wm0 



72. 

Bending moments compared with those of a bare frame are 

drastically reduced by all the methods. Results from the approximate 

method and the finite element (2) are very close, but because of the 

interaction forces, bending moments at the loaded joints obtained 

from the finite element (1) are considerably higher than the other 

two method values. This indeed represents the behaviour of the in- 

filled frames more closely. 

Axial forces in all cases are reduced at the leeward column, 

but greatly increased at the windward column which indicates the 

amount of the upward forces exerted by the panel. 

Shear forces are greatly reduced by the approximate and finite 

element (2) method. However, in method (1), also because of the 

interaction forces, a great shear force has been induced at the junction 

of the leeward column with the base, which is comparable to the bare 

frame shear force. Indeed these explain the failure occurred by 

tensile forces in the windward column and shear forces at the base of 

the leeward column in Benjamin and Williams' tests 
ýlý, 

where the frames 

were of reinforced concrete not strong enough to produce failure in 

the panel. For design purposes these modes'of failure must not be 

over-looked. Careful consideration must be taken. 

For an infilled frame with constant h: 1 ratio, Table (4.5), 

the stiffer frame shows higher shear forces and bending moments but 

less maximum axial force than the flexible frame. This supports the 

theoretical curves for lateral strength in which this is clearly in- 

dicated. 
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4 . 12 CONCLUSIOTIS 

As a result of this theoretical investigation, the following 

conclusions may be drawn : 

lo The stiffness of an infilled frame panel may be 

approximately predicted assuming the infill acts as an 

equivalent diagonal strut in which its effective area is 

related to the stiffness of the frame and the properties 

of the panel, then analysing the system by established 

structural analysis methods. 

20 The finite element method may be used to predict the 

lateral stiffness of an infilled frame, provided that 

proper boundary conditions at the interface between the 

frame and panel are considered. 

3. The load causing the first crack in a masonry infilled 

frame may be approximately predicted on the basis of an 

i 
average shear and normal stress, as described in section 

(4.6.1). 

4. The ultimate load carried by an infilled frame (load 

to cause crushing inside the panel) may be predicted 

approximately on the basis of the sum of loads carried 

by the frame and the panel as a composite system. 

5. Before cracking of the panel, the frame carries a 

small portion of the total lateral load, after cracking 

and at ultimate, a higher percentage of the load is 

carried by the frame. 

60/ 
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6. In an infilled frame when compared with a bare frame, 

bending moments are significantly reduced with maximum 

value at the loaded joints, axial force is increased in 

the windward column, and higher shear forces may be ex- 

pected. These factors must be considered in the design 

of an infilled frame structure in order to avoid frame 

failureo 

7. Stress variation inside the panel is non-linear and 

highly concentrated at the compression corners. Maxi- 

mum tensile stress occurs at the centre of the panel, 

and maximum compressive stress at the loaded corner. 
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CHAPTER 5 

BRICKWORK INFILLED FRAMES CONTAINIi: G OPENING 

501 INTRODUCTION 

Masonry panels in framed structures, internal and external walls 

provide considerable resistance to lateral forces. These walls normally 

contain openings for doors, corridors and windows. Very large open- 

ing areas may exist at the lower levels of multi-storev buildings. 

Openings in masonry walls will eventually cause reduction in stiffness 

and strength of the structure, Reduction in ultimate load of 30% 

and 40% has been reported by Holmes 
(17) 

in tests carried out on full 

t 
scale frames with brickwork infillings having a central opening. 

Coull's(9) tests on mortar infilled panel containing square 

opening with dimension of 
1 

of the infill length, showed a reduction 

of about 60 - 70% and 45% in stiffness and strength respectively. 

Sachanski's(42) tests on model bricks showed more than 50% reduction 

in the carrying capacity of the panels. Benjamin and William's 
(2) 

tests showed the same amount of reduction in ultimate strength. 

In actual structures, openings vary in size and location for 

different purposes,, Mallick and Garg(31) studied the effect of 

different opening positions on the lateral stiffness and ultimate load 

of infilled frames. Model frames with mortar infilling were tested, 

the openings had the same size for all the different locations. A 

reduction of 75% in lateral strength and 85 - 90% in lateral stiffness 

were observed with panels provided with opening at either end of the 

loaded diagonal, panels with central opening showed stiffness and 

strength of about 25 - 50% of those of solid panels. Door openings 

were recommended to be located in the centre of the lower half of the 

panel/ 
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panel, and the window opening in the midheight of the left or right 

half of the panel near to the vertical edge of the panel. 

At and near the edges of the openings, local stress concentration 

may be induced, proper reinforcements may be provided in such loca- 

tionso Tests on reinforced concrete shear walls containing openings 

were carried out by Benjamin and Williams 
(2) 

, it was concluded that 

long diagonal well anchored corner bars significantly increase both 

strength and rigidity of a wall containing openings once cracking 

begins. A few tests by Cou11(9), showed the effect of nominal re- 

inforcement around the openings was negligible considering first 

cracking load and strength. 

All these tests show that, although the stiffness and strength 

of an infill panel are significantly reduced by the presence of 

openings, nevertheless the panel contributes to a certain extent in 

increasing the carrying capacity of a bare frame, and in reducing 

undesirable deflection due to lateral forces. 

Tests described in this chapter were carried out on square and 

rectangular brickwork infilled frames with central opening of different 

sizes, a few tests were carried out on panels with door opening at 

the lower middle of the panel. The behaviour of such panels are 

investigated, and an approximate method to predict the lateral stiff- 

ness of infill frames with opening is also presented, the method is 

based on an equivalent frame approach. 

502 MATERIALS, CONSTRUCTION AND EXPERIMENTAL METHOD 

One third scale model bricks with an average compressive strength 

of (4228 psi), and 1: 3 Cement : Sand mortar (by weight) with an 

average compressive strength of (2262 psi), were used for construction 

of all the panels tested. Mild steel frames were used, the joints 

were/ 
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were welded and plate stiffeners were added. The walls were built 

in the same way as the solid panels described earlier in Chapter (3)B 

Wood frames to the size of the openings were fixed to the back board. 

No lintels were provided for the openings, the wood frame supported 

the brick courses above the opening during the construction, and was 

kept in position during the curing period. Great care was taken 

during transferring the walls to the loading machine. The infilled 

frames were tested under the Avery machine, the same way as described 

earlier for solid panels. 

503 SIZE OF OPENING 

According to architectural requirements, the location and size 

of opening could vary for practical purposes, however, the most common 

position of window opening is at the centre of the panel, corridor and 

door openings are at the lower middle part of the panel,, Since the 

lateral load due to earthquake motion or wind forces can act from 

either side of the panel, it is not recommended to locate the openings 

at the diagonal corners of the wall, for the diagonal bracing of the 

wall will be no longer fully operative, resulting in a great reduction 

in stiffness and strength of the panel. 

Only openings at locations more widely used in practice are in- 

cluded in this investigation. Panels with central openings, and door 

openings at the lower middle of the panel, were tested. They included 

three different opening areas. The panels were square and rectangular 

with 
i 

ratio of 1: 1.6. The frame members stiffness was kept con- 

stant for all the tests, so that the only variable being the size of 

the openings. The exact location and dimensions of the openings were 

mostly governed by the brick courses and dimensions. Details of all 

the panels tested are given in Table (5.1). 

5,4/ 
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All dimensions are in inches Aopen 
Test 

No. h xl full 
w w a b c d e 

WW5 3.375 3.126 6.625 5.75 6.312 4.25 

WW6 3.375 3.126 6.625 5.75 6.312 4.25 
In 
N 

wwi 6.75 6.25 4.50 4.50 4.75 17.0 
H 

WW3 6.75 6.25 4.50 4.50 4.75 17.0 
Vn 
N 

WW2 11.25 9.50 2.25 2.25 3.125 43.0 

MV4 11.25 9.50 2.25 2.25 3.125 43.0 

WWA 4.50 6.50 5.50 5.75 9.375 7.35 

WGAIA1 4.50 6.50 5.50 5.75 9.375 7.35 
In 

WWI3 `: 6.875 9.45 4.437 4.437 7.90 16.33 
N 

WWB1 k 6.875 9.45 4.437 4.437 7.90 16.33 

W4C 9.00 15.75 3.375 3.375 4.75 35.6 
H 

wwC1 9.00 15.75 3.375 3.375 4.75 35.6 

WD1 11.25 6.25 4.50 - 4.75 28 34 .X. . In In 
HH WD2 11.25 6.25 4.50 - 4.75 28.34 

All frame members are 1.50 x 0.75 inches. 

Table (5.1). Dimensions of the panels containing opening. 
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504 RESULTS 

During the loading various measurements were taken, the lateral 

deflection at the centre of the beam member, the first crack load 

and the load at failure of the panel. The type and mode of failure 

were observed. Figs. (5, l) and (5.2) show the load deflection re- 

lationship for the panels tested. The cracking and failure loads 

are shown in Table (502). Mean values of''ateral stiffness before 

cracking and after cracking are also shown in Table (5.2). 

5.5 PANEL BEHAVIOUR AND MODES OF FAILURE 

The tests carried out on brickwork infilled frames containing 

opening unlike solid panels showed no separation of the frame from 

the panel at the early stages of loading. Three modes of failure 

were observed, cracks at the interface of bricks and mortar, diagonal 

tensile cracks passing through bricks and mortar, and compression 

failure of the brickwork. Typical modes of failure are shown in 

plates (5,6) , 

The first crack appeared at a very low load, but notably higher 

than the load which could be carried by the frame alone, the load 

was less than 10% of the ultimate load depending on the size and type 

of the opening, A very fine crack appeared at the two corners of 

the opening along the co"ipression diagonal, later extended along the 

interface between the bricks and mortar towards the frame columns. 

During this stage the stiffness of the panel was high, but decreasing 

slowly. The appearance of the first crack and its extension were 

gradual, not accompanied by sudden drop of load or sudden increase in 

deflectiono 

As the load increased more cracks appeared with smooth increase 

in deflection. Initial cracks appeared in the piers beside the 

opening/ 
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opening followed in most cases by cracks above and below the opening. 

These cracks were either straight or stepping downwards. After crack- 

ing, separation of the frame from the panel occurred in some tests. 

At a load of about 70 - 90% of the ultimate load, the second mode of 

failure occurred. It appeared as a diagonal crack in the pier be- 

side the windward column. In panels with small opening, this was 

followed by a diagonal crack in the other pier. The diagonal cracks 

passed through both bricks and mortar extending from the top corner 

of the pier to the opposite bottom corner along the compression dia- 

gonalo Diagonal cracks were sudden with a drop off load. 

As the load increased, the diagonal cracks were followed by the 

third mode of failure, spalling and eventually crushing of the brick- 

work,, The brickwork at the bottom corner of the windward pier along 

the compression diagonal started to spall off. As a resistance of 

the windward pier was decreased by spalling, most of the load was 

sustained by the opposite pier which in some cases led also to spalling 

there. As spalling and crushing increased, the load was then stopped. 

In some of the panels, soon after crushing, parts of the brickwork 

were about to come off the wall,, At failure, the panels were still 

capable of sustaining 80 - 90% of the ultimate load, however, the de- 

flection was increasing and the stiffness of the panel being almost 

equal to the stiffness of the bare framed This stage defined the 

ultimate carrying capacity of the brickwork infilled frames containing 

opening. 

Panels with openings reached their ultimate load at deflections 

less than the deflection of solid panels at failure. Panels con- 

taining very small opening were more like solid panels in their 

behaviour. 

506/ 
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5.6 DISCUSSION AND'EFFECT OF OPENINGS 

The initial behaviour of the panels tested were notably different 

from the behaviour of panels without opening, for in solid panels as 

described earlier, after a short period of high or low stiffness the 

panel behaves as a diagonal bracing member inside the frame in which 

its response is almost linear, where in the panels containing opening, 

the initial stiffness was notably high and decreasing gradually up to 

the appearance of the first crack. This behaviour may be explained 

in this manner: 

The walls were built tightly inside the frame (as in the case 

for solid panels), during the curing period shrinkage may occur which 

causes slight slackness of the panel inside the frame. This action 

is more apparent and considerable in solid panels rather than per- 

forated panels. The initial bond which exists between the wall and 

the frame, although very weak, i. S still effective in case of panels 

with openings. The actual behaviour of the wall: in the case of 

full panels, the wall behaves as a solid panel and its deformation is 

very different from the deformation of the frame, where in panels with 

openings, especially with large openings, because of the flexibility 

of the perforated wall, its deformation is more analogous to the de- 

formation of the frame, and the double arching action of the wall also 

may help to achieve this similarity. 

All these factors prevent the separation of the wall from the 

frame, and they act in a manner close to the behaviour of a frame 

having composite members. However, this behaviour does not last long, 

as this produces tensile stresses at the corners of the opening along 

the compression diagonal which result in slight opening of the joints 

at/ 
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at these two corners then increases slowly towards the columns as the 

load increases. This explains the gradual decrease in the stiffness 

of the structure, and also explains the necessity for reinforcement 

at these. locations in walls with low tensile strength materials such 

as masonry, where the weakest point is the bond between mortar and 

brick. The stiffness during this stage as well as the load at which 

the first crack appears are unpredictable, depending on the factors 

previously mentioned, and may produce very high stiffness even higher 

than that of a solid panel. Indeed panels (WW5), (WqLAW6) and (WWA) 

showed higher stiffnesses, which were mostly due to the tight fit of 

the panel inside the frame. It is believed that this was mainly be- 

cause-of the curing. These walls as well as (WWAl) (VVB) (WTKBl) and 

(WWC) had to be built outside the laboratory for some reasons, in a 

small room recently built, with no proper temperature and humidity 

control. Although the panels were tested after six weeks, it seemed 

that the walls were not dry enough, the moisture may have caused ex- 

pansion of the brickwork resulting in a tighter fit inside the frame. 

As this initial behaviour is mainly time and workmanship dependent, 

it can not be relied upon in practice. 

T, he first crack is actually not a shear type failure, it may be 

due to the tensile bond failure between the mortar and the brick which 

then extends outwards following the joints, straight or stepwise. 

In homogeneous materials such as concrete or mortar, these cracks ex- 

tend towards the compression corners of the frame(9)0 

The appearance of further cracks is random with a smooth increase 

of deflection, after the appearance of the first crack, the load de- 

flection curves may be represented by an approximate straight line. 

The/ 
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The behaviour of the wall during this stage is analogous to a double 

arching action confined by the bounding frame, High diagonal forces 

are exerted on the two piers beside the opening, especially the one 

beside the windward columns, causing diagonal tensile cracks passing 

through both bricks and mortar, eventually resulting in spalling and 

crushing of the brickwork at the bottom corner of the pier along the 

compression diagonal defining the ultimate carrying capacity of the 

panel, This may be accompanied by spalling and crushing at the 

loaded corner of the frame. Because of the redistribution of the 

load, the panel is capable of sustaining. a great portion of the load 

mainly carried by the opposite pier. 

,.. 
The two infilled frames with door opening behaved in a similar 

manner to panels with central opening. The first crack appeared at 

the top corner of the opening and at the joint with the base beam. 

The infilled panels with central opening, as compared with solid 

panels, showed a reduction of about 60 - 85% of the cracking load 

and 0- 58% in the ultimate load, depending on the size of the 

opening. Infilled panels with door opening showed reductions of 60% 

and 40% in the cracking and ultimate load respectively. 

The initial lateral stiffness of the panels were difficult to 

estimate accurately, values. given in Table (5.2) are approximate 

values, post-cracking values of lateral stiffness are also shown, 

these values represent the slope of the load-deflection curves after 

the appearance of first cracks. 

5; 7'"ANAPPROXIMATE METHOD TO DETERMINE THE STIFFNESS OF INFILLED 

FRAMES CONTAINING OPENING 

5; 701 Equivalent frame 

One of the shortcomings of the method described in Chapter (4) is 

that/ 
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that it cannot be applied to infilled frames containing opening. 

With the presence of opening, an equivalent diagonal strut to replace 

the panel can not be assumed. 

The following is an approximate method to analyse infilled frames 

containing opening, the method is based on the assumption that the 

panel acts separately inside the frame (the frame and the panel are 

not integral), as an equivalent frame acting diagonally along the 

compression corners,, The method necessarily assumes that separation 

occurs between the frame and panel, and that the resultants of the 

reaction forces between the panel and the frame act at the centre lines 

of the equivalent frame members, hence producing a force along. the 

panel diagonal Fig. (5.3), then the equivalent structure can be 

analysed to determine the lateral stiffness. The analysis which is 

derived in the following section, is only applied to infilled frame 

with'opening at the centre of the panel. 

5 . 7.2 Semi-composite lateral. stiffness 

The stiffness of an infilled frame containing opening may be pre- 

dicted approximately as the sum of the lateral stiffness of the two 

components, ioe. frame and wall (equivalent frame). 

The lateral stiffness of a bare frame Kf is : 

12EIh 
Kf 3 

'h' f 

611h +Ih1 
1 
3I1h + 21h1 

5.1 

The lateral stiffness of the equivalent diagonal frame KW is : 

_wI 
fl 

wr - 
hr2 

[JlhW 
+ Jhlw'ý 

w 

5.2 

Equation (502) is based on the lateral deflection at the inter- 

section of the diagonal frame column and beam centre lines, from 

24Ew 
_J 

Jý 

Fig 
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Fig. (5.4), the deflection at the centre line of the bounding frame 

beam, which is equal to the deflection of the bare frame; can be 

estimated approximately. - Accurate determination of the deflection 

could be obtained from the values of angle of rotations at the joint, 

however, the method becomes more complicated and needs more calcul- 

ations, the accuracy of this extra deflection is not essential con- 

sidering the approximate nature of the method. 

ý 
ýf =öw 

r' Fig. (5,4) hw hf 

rý 

Referring to Fig. (5.4). , from triangular similarities : 

fw 2h' w 
w 

5.3 

Combining equations (5.3) and (5.2), the lateral stiffness of the 

diagonal frame w becomes : 

48 E. JJ 
wih Kw hl 

W 
(h' 

w+hf lh' + Jh1Wý 
5'4 

The sum of equations (50l) and (5.4) gives the semi-composite lateral 

stiffness of the structure K: 

12EI 6I 
h1h+Ihw1 

48 E, 1 1h 
Kh3 3I1h + 2Ih1' + h'(h' + hf) Jlh' + Jh1W1 

5'5 

f 

A more accurate estimation of the lateral stiffness based on the 

same principle can be made by the method of total strain energy as 

described in Chapter (4), taking into account, strain energy due to 

direct force in the windward column and bending moments for the 

bounding frame, strain energy due to diagonal bending and direct 

forces/ 



85, 

forces in all. the members of the equivalent frame (wall). Equating 
DU 

the total strain energy and applying Castigliano's theorems: äRT =0 
aU 

and DPT = S, it can be shown that 

_C R 
Cos 8 (a+b±c+d) 

p 

where R is diagonal load carried by the wall. 

and lateral stiffness K: 

K_ 
(a+b+c+d) 
(a+b+d) c 

tan2®h 
f 

where a= 
ahE 

h .2 
b=w1J1hw+Jh 

lw 
] 

24Ew J1Jh 

hf3 3I1h + 2Ih1 
1 

C 12EIh 
16I1h 

+ , 7h1 and d= 
2E 1' 

2 
ww 

5.6 

5,7 

h'3 1'3 
[W + -E--] awh awl 

Equation (507) gives results which are about 3.5% higher than results 

obtained from equation (5.5). The method could be extended to in- 

filled frames containing door opening, if appropriate value of lateral 

stiffness is substituted in the second term of equation (505) by 

assuming an analogous equivalent frame such as a portal frame fixed 

or hinged at the base. Results jiven in Table (5.2) are estimated 

from the first method. 

5.8 COMPARISON OF RESULTS 

A close comparison between experimental and estimated values of 

stiffness could not be made because of the wide variation in experi- 

mental results obtained. 

The estimated values in some cases are lower than the initial 

stiffness values and higher than the post-cracking stiffness values, 

in others the estimated values are either higher than both, or lower 

than/ 
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than both experimental values. These variations could be due to many 

factors; the estimated values are based on an assumption that separ- 

ation between the frame and panel occurs, and the method is applicable 

only to a pre-cracking stage. As for the initial values, since no 

separation . occurred,. the method therefore does not apply, the first 

crack then followed gradually at very low load which led to a deterio- 

ration in the stiffness of the panel, because of this cracking the 

method is also not applicable at this stage. If there had been a 

stage where separation was clear before the appearance of cracks, the 

method might have given a closer estimation of the stiffness of the 

structure. The behaviour of some of the panels as described in 

Section (5.6) may also have contributed in widening the difference 

between the experimental results. 

For the panels with large opening area, the estimated values lay 

between the two values of measured stiffness. Since the high initial 

stiffness is mainly time, bond and lack of fit dependent, which can 

not be relied upon in practice, the estimated values may well give real 

estimation of stiffness of the structure. 

The equivalent frame method itself is a very approximate repre- 

sentation of the actual structure, unless the opening is large; the 

panel would actually behave more like. a solid panel than a frame. The 

stiffness would be over-estimated for panels with very small openings 

or with no opening at all. 

As no separation occurred before cracking, the panel was thought 

to be acting as an integral composite structure. A method based on 

this approach has been presented by Liauw(25), which assumes that part 

of/ 
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of the wall combined with the frame member would form a composite 

member. This method was applied to the panels tested, results were 

more than 100% higher than the experimental initial stiffness values. 

It seemed that the assumed separation by the author, although not 

accurate gave results closer to the experimental values. 

Analyses were also carried out by the finite element method as 

described in Chapter (4), No friction forces were introduced, results 

are shown in Table (5.2), For panels with a large opening, results 

are comparable to the approximate method values. The maximum principle 

stresses for WD and WW1, are shown in Figs, (5.5) and (5.6)o High 

tensile stresses are induced at the opening corners along the compression 

diagonal which explains the formation of initial cracks at such 

locations. 

A few analyses were made where no separation between the frame and 

the panel were allowed, results were very much higher than the experi- 

mental results and closer to the values estimated by the method proposed 

by Liauw 
(25) 

0 

5.9 CONCLUSIONS 

Because of the limited number of experiments carried out and the 

wide variation in results obtained, a definite conclusion could not be 

drawn, however, the investigation showed several findings which may be 

summarized as follows : 

1. As would be expected the presence of a central opening 

in an infill panel reduces the stiffness and strength of 

the infilled frame. The amount of reduction depends on 

the size of the opening. 

2a The initial stiffness may be very high depending upon 

many factors. 

30/ 
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3. The first cracks appear at the corners of the 

opening along the compression diagonal, extending 

along the interface between the mortar and bricks. 

4. The ultimate load is reached when spalling of the 

brickwork occurs at the compression corners of the 

opening,, After the compression failure, the panel 

is capable of sustaining 80 - 90% of the ultimate 

load, however, the stiffness of the panel at this 

stage is not much higher than the stiffness of a 

bare frame. I 

5. The stiffness of an infilled frame containing an 

opening may be approximately predicted by analysing 

the structure assuming the infill as an equivalent 

frame inside the frame acting along the diagonal. 

6. A better analysis for an. infilled frame with opening 

may be made by the method of finite elements. 

I 
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CHAPTER 6 

MULTISTOREY INFILLED FRAMES 

6.1 INTRODUCTION 

In the previous chapters, the behaviour of idealized single- 

storey single-bay infilled frames with or without opening has been 

discussed, and methods for predicting their behaviour have been pre- 

sented. In order to obtain a wider picture of the behaviour of in- 

fill panels in actual structures, the investigation should be extended 

to the study of multi-storey and multi-bay infilled frames, for it is 

mostly in tall buildings that the effect of lateral forces becomes 

important and the governing factor in their design. Several factors 

may affect the behaviour of. infill panels in framed structures, such 

as, the surrounding panels, vertical loadings if these were designed 

to be carried by the panel, change in panel length at a certain height 

of the structure, torsional-forces and many other factors which affect 

the design of a multistorey structure. Detailed study of these 

factors is beyond the scope of this work, and because of the limited 

time available, this investigation was limited to a number of primary 

tests on multi-storey and two-bay single-storey infilled frames. It 

is hoped that further study is to be carried out in the near future. 

In an attempt to simulate the restraints exerted on a panel by 

adjacent infills of a multi-storey multi-bay system, Mainstone(28) 

carried out tests on single storey infilled frames with very stiff 

members; a greater carrying capacity was observed. Tests on two- 

storey single bay model infilled frames have been reported by othersý18'50) 

Smolira(56) has resented a p paper describing a method of analysis for 

multi-storey infilled frames based on the concept of an equivalent 

diagonal/ 
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diagonal strut, the analysis was carried out by the force-displacement 

method (details are given in Chapter 2). Smith 
(52) 

has recommended 

analysing infilled frame structures as an equivalent pin-jointed truss. 

In this Chapter the behaviour of a number of two, three and four- 

storeys and single storey two-bay model brickwork infilled frames is 

discussed. An approximate, method to analyse multi-storey infilled 

frames is presented, the method being based on a storey-stiffness 

approach which includes simple calculations described in Chapter (4). 

6.2 MATERIALS, CONSTRUCTION AND TESTING DETAILS 

Materials and construction method were as described in Chapter 

(4). The two-storey infilled frames with two points loading were tested 

on the back-to-back principle in a manner as shown in plate (7). 

The four-storey frame was tested as a vertical cantilever, plate (9), 

the base was welded to a thick plate (26 x 10 x 1) inches, which was 

strongly bolted to the reinforced concrete laboratory floor. A single 

load was applied at the top floor beam level. The load was applied 

using a jack against a 3-ton load cell. The load was applied at an 

increment of 0.025 ton, deflections were measured at each floor level 

by means of 0.0001 inch dial gauges. A dial gauge was also put at the 

base to measure any rotation which might occur. The panel was re- 

strained against lateral movements other than in the direction of the 

applied load. 

The structure was loaded up to the appearance of the first crack, 

the load was then stopped and the panel was tested with the load at 

the third-storey level. The load was increased up to 50% of the 

cracking load and was then released. The top panel (wall and frame) 

was cut off from the structure and was re-tested again as a three-storey 

structure/ 
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structure up to cracking failure. This procedure was repeated and 

the structure was tested as two and one-storey infilled frames. The 

two-bay single-storey panels were tested in the duplicate form. 

6.3 RESULTS 

Load-deflection and storey-deflection curves are shown in Figs. 

(6.1) to (6.7). Table (6.1) shows the dimensions and cracking load 

for all the panels; the ultimate load for the two-storey panels with 

two point loading and for the single storey two-bay panels are also 

shown in Table (6.1). 

6.4 DISCUSSION OF RESULTS 

6.4.1 Multi-storey panels 

The general behaviour of the panels TSl, TS2, TS3 and TS4 was 

similar to that of single storey panels. Separation at the early 

stages of loading was clearly observed in all the panels at both 

storeys. In all the tests separation occurred first at the lower 

storey and was then followed by the upper storey. The first shear 

crack, Plate(8 ), always occurred at the lower storey, the cracking 

load was higher than that of a single storey structure with the same 

properties. This was followed by more' cracks before the appearance 

of the first cracks at the second storey. At a higher load shear 

cracks appeared at the upper storey, always as a set of discontinuous 

cracks near the middle of the panel, and in most cases, particularly 

in square panels, they passed through both bricks and mortar. Near 

ultimate load spalling of brickwork started at both corners along the 

compression diagonal at the lower storey, then extended inside the 

pane 1. 

The ultimate load was reached before spalling began at the upper 

storey. / 
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storey. The failure load (2p) was considerably higher than that of 

a single storey panel. These increases in strength, especially the 

ultimate strength, may be explained as follows: Because of the 

continuity of the structure and the presence of the upper panel, the 

stiffness of the first storey beam is increased and the rotations of 

the frame joints are reduced. These modify the interaction forces 

transmitted from the frame to the panel, maximum stresses are reduced 

and less concentrated at the corners. The prevention of joint rotation 

at the bottom storey was clearly demonstrated by the consequent ap- 

pearance of spalling at both corners along the compression diagonal, 

as against the single storey panels in which spalling always occurred 

at, the. upper corner.. 

As for the multi-storey panels with a single point load, they were 

not tested up to failure. The first shear crack always appeared'at 

the top panel, separation was clearly observed at the bottom storeys 

and not so clear at the top storeys. The cracking loads were always 

higher than the corresponding load for a single one-storey panel. 

All the tests showed non-linear behaviour in the early stages of 

loading, Figs. (6.1) to (6.3), either because of the initial lack of 

fit, or because of the initial bond, after which the load-deflection 

curves'are linear. However, for panels 3S, 2S and 1S, Figs. (6.4), 

(6.5) and (6.7), the load-deflection curves are linear. This is be- 

cause during the first loading, i. e. when the panel was tested as a 

four-storey structure, the initial bond was broken, Fig. (6.3),. and 

the walls were mainly resting within the frame. 

The storey-deflection curves which are shown in Figs. (6.1) to 

(6.5)! 
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(6.5) are taken from the slope of the linear part of the curves, and 

they are corrected accordingly, for a load of p=0.5 ton. 

Tests 4S, 3S, 2S and 1S showed some rotation at the base plate, 

deflections due to base rotation have been measured and were subtracted 

from the total deflections, the curves shown in Figs. (6.3) to (6.5) 

and (6.7) are therefore the corrected curves. 

6.4.2. Two-bay single-storey panels 

Three identical tests WB, WB1 and WB2 were carried out on two-bay 

single-storey panels Fig. (6.7), their behaviour was similar to that 

of single-bay panels. Separation was clearly observed at both panels, 

initial. cracking at both panels one followed the other, and s. palling 

near the corners first appeared at the near bay then was followed by 

spalling at the other panel. However, because of similar reasons to 

those described earlier, their strength and stiffness were much higher 

than the sum of two single panels having the same properties. Results 

were also higher than that of a single rectangular panel with the same 

height and length but with no intermediate column (wL2 series). As a 

conservative measure, the stiffness and strength of a two-bay panel 

may be taken as the sum of two single-bay panels. 

6.5 AN APPROXIMATE METHOD FOR DETERMINING THE DEFLECTION OF MULTI- 

STOREY INFILLED FRAMES. 

A simple method to determine the deflection of multistorey infilled 

frames under lateral loading is described below, the method is termed 

"storey-stiffness" method. It is based on the measured or estimated 

stiffness of a single storey infilled frame. For a multi-storey in- 

filled frame, the deflections of a number of storeys are added together 

to obtain the total deflection at each floor level. The deflection 

which/ 



t 

P4 

P3 

P2 

PI 

T 
h 

P4 

P; 

P2 

Pi 

Fig. (6.8 b) 

A 
i A4 

f8 

6 

4 

Fig. (6.8c) Fig. (6.8d) 

of multi_storcy infill¢d frame 

Fig. (6.8a) 



94. 

which is caused by rigid rotation due to deformation of the columns 

of the storeys below is also added to the deflection at each floor 

level in order to obtain the final deflections due to lateral loading. 

The method is best illustrated in the following example: 

Consider the four-storey infilled frame shown in Fig. (6.8a), the 

same properties and dimensions for each storey are assumed throughout 

the height of the structure. 

(a) The stiffness of a single storey can be estimated by the methods 

described in Chapter (4), or can be measured experimentally. 

The stiffness of a single storey S=p A 

Q_P 
S 

6.1 

On the basis of this value, the deflection at each floor level is 

calculated as follows, assuming there is no rigýd. xotation of the 

beam of each floor. The deflection estimated from eq (6.1) is termed 

as A' , therefore A' is the lateral deflection of the first floor 

measured at the beam centre-line. 

.. 
".. Al = (Pl + P2 + P3 + P4)/S 

D2 = (P2 + P3 + P4) /S 

6.2 
D3= (P3+P4)/S ) 

) 
D4 = P4/S ) 

The total deflection at each floor Fig. (6.8c), is termed as as : 

1 GSl Al 

A+A 
S2 Sl 2 

AS3 AS2 + A3 ) 

AS4 AS3 + A4 9 

6.3 

eq. / 
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eq . (6.3) can be written in terms of P1, P2 ... and S: 

Si 
es (P1 + P2 + P3 + P4) 

AS2 =S (Pl + 2P2 ;- 2P3 + 2P4) 

S3 =S (P1 + 2P2 "+- 3P3 + 3P4 ) 

A4 =S (P1 + 2P2 + 3P3 + 4P4) 

6.4 

(b) In order to determine the direct forces fl, f2, ... in the 

columns, the structure may be analysed as an. equivalent truss structure 

Fig. (6.8b), the deformations of the columns, i. e. shortening and 

elongation, el, e2, e3,.... due to the direct forces fl, f2,... can be 

estimated from: 

e= 
aE 

6.5 

The windward and leeward column deformations cause a rigid rotation 

of the storeys above Fig. (6.8d). 

e1+ e2 
Angle of rotation of the first storey beam: ý1 =1) 

=e3+e4 if second 11 
2 ]. ) 6.6 

e+e 56) 
.... .. ý< <ý third It tt ý3 _1 

Due to these rotations, deflection AR at each storey level will be as 

follows Fig. (6.8d) : 

AR, =0 

AR2 = ýlh 
AR3=241h+42hh(2c1+ý2) 

AR4 = 3ý1h + 242h + ý3h == h(3(1 + 2ý2 + ý3) 

6.7 

(c) / 
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(c) The final deflection at each floor level is equal to the sum 

of deflections calculated from eq. (6.4) and e q. (6,7) 

(P +P+P+P Al A+A1 
Si Rl s123 4) 

1 AA+A (P + 2P + 2P + 2P )+h) 2- S2 R2 -S123 41 ) 
6.8 

AA (P + 2P + 3P + 3P )+h (2 + 3 S3 
+A 

R3 S12341 T2) 

1 AA (P + 2P + 3P + 4P )+h (3¢ + 2(ý +)) 4 S4 
+A 

R4 S123412 
ý3 

eq. (6,8) can be written in a general form, eg: at the top floor of 

n-storey infilled frame : 

(P1 + 2P2 + 3P3 + ....... + nPn) +h ((n-1) ý1 + (n-2. ) ý2 An =I Si 

+ (n-3)13 + ....... + T(n-1)) 6.9 

A 
n-1' 

An-2' ....... can be written in the same manner. 

This method may be applied to any type of loading applied at the 

beam centre and may take into account several variables, such as: 

change in frame stiffness, change in panel thickness and material pro- 

perties as long as the stiffness of the storey concerned can be esti- 

mated or measured experimentally, the proper stiffness value must be 

inserted in eq. (6.2). In the above example a constant stiffness has 

been assumed. 

The method may also be applied to multi-bay multi-storey infilled 

frames knowing the stiffness of a single storey. Simplification may 

be made in determining AR(deflection due to rotation) or may be neglected 

since the equivalent truss structure becomes a statically indeterminate 

truss. The method is also applicable to multi-storey infilled frames 

containing/ 
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containing openings if the storey stiffness is known. The opening 

will not affect the calculation for direct forces in the equivalent 

truss, since it can be assumed as a diagonal media with pinned con- 

nections at the diagonal corners. 

6.6 COMPARISON OF RESULTS 

The experimental results för stiffness (Chapter 3) have been 

used for determination of lateral deflections of the multi-storey 

panels tested. The estimated values by the proposed method are com- 

parable with the experimental deflections. The discrepancies are 

about 10% and 17% for the two-storey panels with two point loading, 

Figs. (6.1 and 6.2), and 30%, 4% and 2% for 4S, 3S and 2S panels 

respectively, Figs. (6.3,6.4 and 6.5). 

Considering the simplicity of the method, the comparisons are 

generally satisfactory except for the four-storey panel (4S). 

Studying the load-deflection and storey-deflection curves for 4Sr 3S, 

2S and 1S, they show that the deflection of the first storey in 

Figs. (6.4,6.5 and 6.7) are reasonably comparable, but the deflection 

in Fig. (6.3) is almost twice the others. This seems rather surprising, 

for it should be comparable to the others and is believed to be due to 

I 
a horizontal sliding along the base with the floor; unfortunately no 

measurement of this movement has been taken. Men the panel was 

tested as a three storey-structure, a dial gauge was placed to measure 

this movement, but a negligible movement was observed, because it had 

already been taken up during the first test (4S). If these arguments 

are considered valid, then the storey-deflection curve for 4S,, Fig. (6.3) 

hiiay'be'corrected as shown in Fig. (6.3), curve (2). However, the 

experimental values are still 24% greater than the predicted values. 

more/ 
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More experiments will. be required to verify the proposec method 

before any final conclusion or recommendation can be made. However, 

the method recognises the effect of axial deormation in the frame 

members, which must be taken into account in the design of tall 

buildings and which may cause large deflections as the building in- 

creases in height. The first term of the deflection is simply the 

sum of the individual storey deflections. This assumes that each 

storey in a multi-storey-frame behaves the same way as a single-storey 

panel,, this may be a reasonable assumption because of the adjacent 

panels, the interaction forces at the interfaces are modified and the 

rigidity of the beams are therefore greatly increased. In actual 

buildings this is increased further due to the composite action of the 

floor slab and the supporting beams, the base of each storey therefore 

may be assumed as fixed as the base of a single storey panel. This 

term is similar to shear deflection in shear wall structures, the second 

term then allows for the rigid rotation of the storeys due to axial de- 

fDrmation in the frame members, this is similar to the bending deflection 

in shear wall structure. 

Test 1S, which is a two storey panel but the load was applied at 

the lower storey level Fig. (6.7). has shown greater stiffness than the 

idealize single storey panels. The other tests carried out (as des- 

cribed in section 6.2) on the four and three storey panels also showed 

similar behaviour. 

For tests 4S and 3S. deflection at the top floor was also estimated 

(52) 
by the method proposed by Smith , an equivalent pin-jointed truss 

structure. Since all the infills are under the same diagonal load, 

the same value of "effective width" was. assumed for all the storeys, 

this/ 
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this value has been taken from the Author's values (0-hapter 4). The 

results are shown in Figs. (6.3) and(6.4), they are above the values 
f 

predicted by the Author's proposed method. 

The panels were also analysed by the stiffness method using 

"STRUDL" programme at E. R. C. C. The infills were replaced by equivalent 

diagonal struts, the value of the effective width was obtained from 

Chapter (4). Results are also shown in Figs. (6.1 to 6.5 and 6.7). 

The results compare satisfactorily with the values obtained from the 

approximate method (storey-stiffness), they are about 5% higher. 

From these limited number of results and the various methods of 

analysis used, it can be seen that the simple storey-stiffness method, 

although approximate, gave good prediction of the lateral deflection 

of multi-storey infilled panels. 

6.7 CONCLUSIONS 

Within the limits of the investigation presented in this Chapter, 

the following conolusions may be 6rawn: 

1. A multi-panel infilied frame behaves in a manner similar 

to, a single storey infilled frame. 

Due to the presence of adjacent panels the strength of an in- 

filled frame is greatly increased and its stiffness is affected. 

The defle6tion of a multi-storey infilled frame may be approxi- 

matel. y predicted on the basis of a single stoKey deflection taking 

into account the axial deformation in, the frame membersi 
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CHAPTER 7 

GENERAL CONCLUSIONS AND SUGGESTIONS 

7.1 GENERAL CONCLUSIONS 

A summary of the conclusions reached in the investigation 

presented in this thesis may be listed as follows: 

1. In a masonry infilled panel under lateral loading, 

boundary cracks may occur at the early stages of loading 

s6parating the frame from the infill except at the 

loaded corners. 

2. A masonry infilled panel without opening exhibits two types 

of failure: 

(a) Shear cracks at the interface between bricks and 

mortar, or diagonal cracks passing through bricks 

and mortar depending upon the bond strength of the 

mortar. 

(b) Crushing of the masonry ne4r the loaded corners de- 

fini. ng the ultimate strength of the panel. 

, 
The stiffness and strength of masonry infilled panels are in- 

fluenced by : 

(a) Height : length proportion of the infill'. 

(b) Stiffness of the frame. 

(c) Gap between frame and infill. 

(d) Rigidity of the frame joints. 

(e) Bond strength of the mortar. 

4. In a masonry infilled panel containing an opening, the first 

cracks appear at the corners of the opening along the loaded 

diagonal, crushing occurs at these two corners also. 

5. / 



101. 

The presence of adjacent- infills increases the stiffness 

and the strength of masonry infilleO panels. 

In an infilled panel, sýresses are highly concentrated at 

the loaded corners inside the infill, bending moments are 

maximum at the loaded joints of the frame. 

The load to cause the first crack in a masonry infilled 

panel may be approximately predicted on the basis of average 

shear and normal stresses taking into account the strength 

of the frame. 

B. 
., The ultimate load may be approximately predicted as sum of 

the loads car. ried by the frame and the infill as a composite 

system. 

Analysis of infilled panels without openings may be made by 

-replacing the infills by equivalent diagonal struts provided 

that appropriate value of the effective width is assumed, 

then applying established structural analysis methods. 

10. An approximate analysis of infilled panels containing an 

opening may be made replacing the infill by an equivalent 

frame acting-along-the loaded diagonal. 

11. The finite element method may be applied to predict the 

lateral stiffness of infilled panels with or without opening 

provided that appropriate boundary conditions-at the inter- 

face between the frame and infill are assumed. 

12. Multi-storey infilled frames may be analysed approximately 

on the basis of a single storey stiffness taking into account 

the axial deformation in frame members. 

7.2/ 
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7.2 SUGGESTIONS AND COMIýENTS 

The complex composite nature of infilled frames, especially with 

a non7-homogeneous material such as masonry, and the many factors af- 
I 

fecting their behaviour are reflected in the wide variation observed 

in experimental results, which confirms doubts as to the usefulness of 

"more accurate" analyses of this type of structure. This suggests 

that simple approximate approaches are preferable; certainly further 

experimental results would be valuable and would serve the purpose of 

refining these approximate methods of analysis, and would add more 

information about factors affecting infilled frame type structures. 

The tests were designed so that failure would always occur inside 

the panel, in reinforced concrete frame buildings the failure load may 

never be reached-because of the failure of the frame. Detailed study 

and direct experiments are necessary in this respect, in order to study 

all types of failure and predictions of their loads. 

Detailed study of panels coptaining openings is needed, in practical 

buildings openings always have lintels or perhaps bounding frames, 

which may increase the stiffness and strength of such'panels. 

Wind and earthquake loading are applied in both directions. 

study of the behaviour of-infilled frames under reversed loading during 

all stages of loading is therefore essential. 

Infilled frames may be. subjected to vertical loading transmitted 

from-floor slabs and beams, the effect of such loading on the behaviour 

and strength of the panel requires detailed studies. 

one of the factors which greatly affected the strength and stiff- 

ness of the brickwork infilled panels was the use of modified mortar. 

Such a mortar may produce a strong and rigid panel, but a detailed 

study/ 
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study would be necessary before it could be applied to practical 

buildings. 

Very little is known a-bout reinforced inasonry infilled frames. 

Finally it would be of great academic and practical interest to 

study th. e. behaviour of three-dimensional infilled. frames under lateral 

loading (axial and eccentric). 
II 

The Author believes that the studies carried out in the last de- 

cade may provide enough information to design frame structures taking 

into account the infill as a structural component, bearing in mind 

thata high factor of safety is to be allowed in the case of masonry 

infills. 
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APPENDIX A 

BRICK, MORTAR AND BRICKWOPK*PROPERTIES'(l'-. '3*MORTAR). 

Several tests have been carried out in order to determine the 

properties of the bricks and mortar used in the construction of the 

infilled panels described in the earlier chapters. Brick triplets? 

cross brick couplets and model. brickwork walls were tested in order 

to obtain shear bond, tensile bond'and compressive strength respectively. 

Brick triplets as shown in Fig. (Al) were used -to measure the 

shear bond between the mortar and the brick, although it does not 

represent the actual conditions obtained in shear walls or infilled 

panels; but it gives a direct measure of shear bond when no precom- 

pression is applied, and it has been widely used as such. Cross 

brick couplets Fig. (A2) are also widely used as a method to measure 

, 
the. direct tensile bond between the mortar and the brick, and accepted 

to give satisfactory results. 

The following relationships between shear bond and tensile bond, 

have been put forward by Sinha 
(44) 

and Murthy 
(33) 

respectively: 

Vb=8.8 (f 
t)0.5 and Vb=2.3 ft0 

where : 

Vb= shear bond strength 

ft= tensile bond strength. 

The tests results generally agree with these proposed relationships. 

Model brickwork walls were tested under axial uniformly distri- 

buted loading in order to obtain the ultimate compressive strength 

and the modulus of elasticity of the brickwork. 8 inch Demec gauges 

were used to measure the vertical and horizontal deformations, from 

which the modulus of elasticity and Poission's ratio of the model 

brickwork/ 
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brickwork were estimated. 

All the walls showed, vertical cracks (tensile vertical splitting) 

at a load of about 70-80% of the ultimate load. This was followed by 

spalling and crushing of brickwork at various heights of the wall. 

1: 3 cement : sand by weight was used for all the tests carried out. 

Bricks were selected from each of the three batches, and were 

tested for compressive strength and tensile strength. Brick tensile 

strength was measured directly in the standard machine for testing 

mo, r. tar in tension. The bricks were cut into 1x1x3 inches, and 

cast with Araldite sand mix into a'bolie-shape, Fig. (A3), in specially 

(23) 
made wooden moulds. This method has been successfully used by Khoo 

The Araldite-sand mix used had the following proportions: 

Araldite CY219 100 gm. 

Hardner HY219 50 gm. 

Accelerator DY219 6 gm. 

Sand 600 gm. 

Mould release Q219 was used for the wooden moulds. 

RESULTS 

One inch mortar, cubs and brick strengths are shown in Table (A. 1). 

Results of brickwork couplets and triplets are. shown. in Table (A. 2). 

Dimensions and ultimate compressive strength of the walls are shown in 

Table (A. 3). The stress-strain relationship of the walls is shown in 

Fig. (A. 4). Variation in modulus of elasticity with compressive stress 

is shown in Fig. (A. 5) . 



Table (A. 1) Mortar and Brick strength 

ProPerties Test Range (lb f/in2) Mean Notes 

1: 3 Mortar Comp. strength 1830 - 2486 2262 

1: 3 Mortar tensile strength 385 - 470 432 

1 
scale brick comp. streng'Ch 3832 - 4754 4228 ED 

scale brick tensile strength 160 - 240 189 

One inch cubes from all the walls and panels tested, age . varies 
from 2 weeks to 7 weeks. 

ED Samples taken from the three patches used for construction of the 

panels and the walls. 

All these tests were carried out according to B. S. Standards. 

Table (A. 2). Shear bond and tensile bond of brickwork (1-: 3 mortar) 

Strength No. of Stand. 
Test lbf/in2 spec. Dev. C. V. % Note 

Shear bond 51.0 10 9.8 19.2 Failure at 
Tensile bond 21.70 10 8.0 36.8 interface 

Table (A. 3). Model brickwork wall tests (1: 3, mortar) 

Wall No. hx 1 xt (inches) f (lbf 
W in ) mode of failure 'Lq2te s 

wi 22 x 15.75 x 1.5 2758.1 Vert. splitting 

W2 22 x 15.75 x 1.5 2323.3 crushing 

W3 22 x 15.75 x 1.5 2777.0 Vert. splitting 

W4 22 x 15.75 x 1.5 2740.6 crushing 

W5 22 x 15.75 x 1.5 1801.5 Buckl ing 

w6 22 x 15.75 x 1.5 2352.0 Vert. splitting Av. of 

BIW8 18 x 18 x 3 2469.3 crushing 3* 

BlW12 36 x 18 x 3 2466.5 Vert. splitting Av. of 

BlW18 54 x 18 x 3 266200 crushing 3* 

WM6 9 x 18 x 1,5 2686.2 Vert. splitting Av. of 

WM12 18 x 18 x 1.5, 2785.1 crush 3* 

Mean strength Ubf/in 2) 1 2602.0 
-1 

a) Result is ignored. 

* Tests carried out by Hassan 
(14) 

a 
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All the tests were carried out as described in Appendix A, the 
II 

BRICKV70RK PROPERTIES"'BUILT WITH MODIFIED'MORTAR 

mortar used was 1: 3: Revinex; Cement : Sand : (40% of cement 'wt) 

Revinex. (Revinex is the trade name). 

Revinex 29Y40 is a synthetic rubber latex that has been specially 

APPENDIX B 

developed as an admixture for use in cement compositions 
(39) 

. It has 

the following typical properties: 

Polymer type 

Total solids 

Viscosity 

Specific gravity 

PH 

Modified styrene/butadiene 

47% 

50 c. p. s. 

1.0 

11 

The manufacturers claim the following advantages when added to 

ordinary cement mixtures: 

1. Greatly improved adhesion to most building surfaces. 

Water proofing and improved chemical resistance. 

3. 

4. 

5. 

Improved toughness and flexibility. 

Better resistance to frost. 

Improved trowelling 
. 
1-roperties. 

Several suggested uses are also given in reference (58). 

The mortar was prepared according to the manufacturers recommend- 

ations to obtain the best bond and tensile strengths. The Revinex 

was-added at 40 parts'per 100 parts cement by weight to the normal 1: 3 

cement : sand mortar. Water was added as required to adjust consistency, 

normally the water cement ratio was between 0.30 -* 0.40. The mixing 

time/ 
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I 
time was increased as compared to the normal 1: 3 mortar. The 

colour of the modified mortar is slighly darker than that of 1: 

mortar, and the workability time is slightly increased. 

Tests on 1: 3.: Revinex (40%) mortar have been carried out by 

the manufacturers, and the following are reported 
(59) 

Properties 1: 3 
Modif ied 
1: 3 (40$) Notes 

1. Tensile 5trength 1. day dry +6 days in 
(lbf/in 440 630 water + 21 days dry. 

2. Flexural strength 1 day d ry +6 days in 
(lbf/in2) 1030 

. 
15.40 water + 21 days dry. 

3, Adhesion to concrete 
(lbf/in ) 10 500 28 days air drying. 

4. Adhesion to concrete 21 days air drying + 
. (Ibf/in2 ) 45 200 7 days in water. 

5. Adhesion to steel 
Ubf/in2) 

.0 
230 28 days air drying. 

6. Adhesion to steel 21 days air drying + 
(lbf/in 0 190 7 days in water. 

7. Shrinkage 0.07(w. 0.4) 0.01(w=0.3) 
c c 

B. Resistance to water 84 mls. Nil 

penetration (volume 

of water penetrated 
after 3 hours) 

. 'RESULTS 

only the properties which are related to the subject under in- 

, -vestigation 
were studied; compressive strength, shear bond and tensile 

bond strength between brick and the modified mortar, compressive and 

tensile strengths of the mortar. 

All/ 
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All results are shown in Table (B. 1), (B. 2) and Fig. (Bl). 

I Bec I ause of the strong bond strength between the mortar and the brick, 

in the shear bond'and the tensile bond tests, the failure occurred in 

the bricYj therefore no values for these tests were obtained. The 

tensile and bond strength of the mortar are greater than the tensile 

strength of the bricks used. The tensile bond strength test revealed 

the tensJL16 strength of the brick. 

The compressivQ strength of the walls built with modified mortar 

were less than expected, and less than the compressive strength of the 

walls built with the ordinary 1 ': 3 mortar. This may be due to the 

short curing period of the walls. The walls were tested after 10 -* 14 

days, all the walls showed several''vertical cracks at load much less 

than the ultimate load, this was followed by spalling of the brickwork 

at the middle of the wall, and on both sides. After failure the 

mortar appeared to be still softer than an ordinary mortar considering 

the same curing period, which may have resulted in a great lateral de- 

formation, thus causing, an early vertical. crack and failure. Indeed 

the modulus of elasticity is also well below the values of those ob- 

tained from walls built with 1: 3 mortar. The same low compressive 

strength was observed when testing the one-inch mortar cubes at 14 

days, however, the mortar cubes which were tested after 4-5 weeks gave 

higher results. To overcome this behaviour, the infilled panels,. 

built with the modified mortar were tested affer at least 4 weeks. 

Results of tests carried out on mortar, cross-brick couplets and brick 

triplets are shown in Table (B. 1). Results of the walls under, com- 

pression loading are shown in Table (B. 2). Fig. (Bl) shows the stress- 

strain relationship of the walls tested. 
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XPPE14DIX C 

Seddon has shown that when a, concrpte-wall is loaded in com- 

-P-r'ýýSsion over a fraction of the total wall length the ultimate load 

is given by: 

px The ultimate load of the wall (when the load is distributed 

along its entire length). 

i, e, Mean stress over the full length of the wall in a partially 

loaded wall =px mean stress in a totally loaded wall. 

p varies with the ratio of loaded length to wall length fig. (C. 1), 

the same relationship may be applied to masonry walls and it may be 

approximately taken as py (fig. C. 1) 

0.8 

o-6 

f ig. (C. 1) 
0.4 

ol 

0.0 L. 
O-D 

ell 

In Section 4.6,1 (R Sin bj*is applied over the length a 

Mean normal stress at centre. of the panel is approximately 

R Sin e- a 
it 

A, E, SEDDON "The strength of concre te walls under axial and 

eccentric loads" Symp. strength conc. struct. 

Session D Paper No, 1 (1956). 
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