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by John Robin Riidlngton 

A study is made of the composite interactive behaviour of wall on 

beam and infilled frame type stmictures. 

Simple design methods are developed for both types of structiire and 

it is anticipated that these will be included in a new revised version 

of BS449, the British Standard for structural steelwork decign. 

Finite element computer programB are developed for the analysis of 

both types of structure. These programs allow for the automatic 

generation of separation cracks on the interfaces between the walls 

and the beams or columns. A listing of these programs is included in 

the thesis. Using these programs, analytical investigations are made 

into the composite elastic behaviour of the structures. From the results 

of the analyses of basic wall on beam structures, formulae are produced 

for the main design parameters. The results from the analyses of infilled 

frames are ^own to confirm the accuracy of the simple desî r̂i method 

for laterally loaded infilled frames. Suggestions are given for inclu.ding 

vertical loading in the design method. 

Two sets of wall on beam model tests are described. The first set 

consisted of plaster walls with steel beams. The results frcm these 

tests were used in the development of the design method fez- walls on 

beams. The second set consisted of an araldite wall with zzeal :ea=8. 



The results from these tests were used, to check the accizracy of the 

finite element oomputer analyses. 

The apparatus design and initial testing for a series of tests to 

determine diagonal compressive strength of masonry under infill type 

loading is also descrilaed. 
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NOTATim 

L Clear span of beam 

h Heig&t of wall or infill 

6 length of infill 

t Thickness of wall or infill 

& Diagonal length of infill 

a Length of contact 

5 Length of beam inbuildlng 

Z' Depth of wall below beam 

Q, Length of wall past end of span 

w Effective width of infill 

6 Slope of infill diagonal to horizontal 

Bg Breadth of steel section 

Dg Depth of steel section 

I Second moment of area of beam or frame member 

Z Section modulus of beam 

Z Section modizLus of beam required for self weight 

6 Central beam deflection 

6 Specified maximum design deflection 

E Modulus of elasticity of beam or frame member 

E Modulus of elasticity of wall w 

Modulus of elasticity of infill 

V Poisson's ratio 

Coefficient of friction 

W, Vertical wall load 

W Beam self weight plus floor loading 



Wall cruBhing load. 

E Horizontal load on infilled, frame 

R Diagonal load, on infill 

T Tie force in beam 

E' Eorizontal shear force per unit length 

M Moment in beam 

M Eniformly distributed moment (Wl/S) 

f.̂  Peak wall compressive stress 

f.yg Bond shear strength 

f.|̂^ Compressive strength of plaster 

f̂ ĵ  Diagonal compressive strength of infill material 

f D i a g o n a l tensile strength of infill material 

f|̂  Characteristic vertical strength of the infill material 

f Ultimate shear strength 

p^ Permissible compressive stress in wall material 

Pg.y Permissible compressive stress in concrete encasement 

material 

p ^ Permissible stress in steel beam 

T Peak shear stress on wall-beam interface 

T Eorizontal ^ear stress 

Diagonal tensile stress 

Oy Vertical stress 

Partial safety factor for load. 

Partial safety factor for the compiressive st]?en/{th of 

brickwork or blockwork 

Y Partial safety factor for the shear strength of brickwork 



Relative stiffness parameters ( ^ ^ — 

4 
Relative stiffness parameter ( ) 

c Beam self weight parameter (1-2^/Z) 

B Beam length of contact constant (E»/lj) 

P Percentage difference 

z z-iirection coordinate 

y y-d.irection coordinate 

T1 i-direction displacement 

V y-direction displacement 

^1 Beam tie force parameter (W^T) 

^2 
Beam sagging moment parameter (W 

^3 
Beam hogging moment parameter (W l/w) 

"1 2 9 ° ° ° ̂ Displacement variables 
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CHAPTER 1 

SmERAL INTROPnCTim 

When wall and frame members are in contact with each other in a 

building structure and are subjected to loading, the members tend to 

act compositely. The design of these structures has usually either 

been based on .intuitive of empirical methods, or the effects of the 

walls on the behaviour has been ignored completely. For example, 

although fzrames are often infilled with partition walls, it has been 

the practice in this country to design the frames for lateral loading 

by totally ignoring the stiffening effects of the infill. This has 

usually resulted in inefficient designs, with the frames being designed 

for the wrong mode of behaviour. Because the infill walls are con-

siderably stiffer in plane than the surrounding frames, the infills 

unintentionally pick up a major portion of the horizontal loading with 

a consequence that on frequent occasions, unsightly cracks have devel-

oped in the walls. Another example of inefficient design in sti^ctures 

is that of a wall on a beam. Although this form of structure is fre-

quently found in buildings, the design of these structures has generally 

been based on intuitive or empirical design methods. One such intuitive 

method, in common use in the past, is that in which the beam is designed 

to carry only the wieght of wall above contained within a 60° triangle. 

In this thesis, the study of composite behaviour between flexural 

members and walls is restricted to wa.lls on beams and infilled frames. 

Simple design methods are developed for both of these structures lAiich 

take into account composite action. It is anticipated that these 



design methods will be included in a new revised version of BS449, 

the British Standard on structural steelwork design. Finite element 

programs are developed for the analysis of these structures and are 

used in an analytical study of their composite elastic behaviour. 

In addition to the analytical study, model testing was undfrtaken 

on wall on beam structures and diagonal compression tests wore init-

iated to determine masonry compressive strength under infill type 

loading. 



CBAPrER 2 

WALLS ON BEAMS; INTROPnCTION AMD REVIEW 

OF PEEVIOnS WORK 

2.1 Introduction 

When a vertically loaded wall is supported by a beam, the wall 

and beam tend to combine together structurally to form one composite 

unit. This unit can be considered as a tied arch system with the wall 

arching between the beam supports and the beam acting as the tie as 

shown in Fig. 2.1. The vertical loading of the wall on the beam tends 

to push the beam away from the wall in the mid-span region. In cases 

of heavy loading, horizontal cracking, or even visible separation of 

the beam away from the wall can result from this interaction effect. 

The arching behaviour produces concentrations of vertical and horizontal 

shear stress in the wall close to the beam supports. The shift towards 

the supports of the vertical loading on the beam, combined with the 

hoggingeffect of the outward thrast of the wall arch, produces a much 

lower bending moment in the beam, than if the same load were distributed 

uniformly over the beam span. The horizontal reaction of the arch is 

resisted by the tying action of the beam, which is therefore subjected 

to additional axial tensile stresses. 

Although walls on beams are very common in structures in this 

country, the design methods used have usually been intuitive or 

empirical. A relatively simple design method is developed in this 

thesis for the design of walls on steel beams. This design -ethod has 

been developed in association with the British Standards Cozziitee 

B/20/5 and the method will probably be included in a new revised 



/Arching Action 

"Beam acts in tensiof 

and In bending 

FIG. 2.1 COMPOSITE ACTION OP A WALL ON A BWAM 



BrJtish Staniard on Btmctural steelwork design. 

In addition to the development of the design method, a theoretical 

and experimental investigation was -undertaken into the elastic 

behaviotLP of walls on beams. For the theoi-etical investigation, a 

finite element program was developed, which allowed for crack ^ne rat Ion 

on the wall-beam interface. 



2.2 Review of preTious work 

1 2 
Disohinger , in 1932, and Diirant and Garwood , in 1947, used 

Fourier series with the theory of bending in deep beams, to analyse 

wall on beam problems. These approximate analyses indicated that when 

the wall height exceeded two thirds of the span, the beam moment arm 

at the centre of span was virtually independent of the wall height. 

3 

Wood , in 1952, presented the results from tests of brick walls, 

with and without openings, on simply supported reinforced concrete 

beams. He also included in this paper, the results from the analysis 

of simply supported walls, obtained using the relaxation technique. 

from this work. Wood suggested two methods of design for brick walls 

in reinforced concrete beams. The first method consisted of calculating 

the beam reinforcement using an equivalent beam bending moment of 

WL/100 when door and window openings were absent or occurred at mid-

span, and WI./50 when openings occurred near the supports. The second 

method was intended for use with walls without openings and consisted 

of calculating the beam reinforcement from the beam tie force which was 

calculated using an. internal moment arm equal to ̂  x wall height, but 

not greater than 0.7 beam span. Restrictions were Imposed for both 

methods that the vail height should exceed 0,6 x span and that the beam 

span to depth ratio ^ould. be between 15 and 20. 

Rosenhaupt'^"^ presented In his Dootor of Science thesis and two 

papers published in I962 and I964, a finite difference solu-tion for 

the wall on beam problem based on the Airy stress function, as well 

as the results of a series of full scale tests of masonry walls on 

reinforced concrete beams. In the analysis, he made the assumpticn 

that the bending rigidity of the beam is snail enough to be neglected. 

This has the effect of eliminating the normal stress betweer. tbA Trail 



ana entire load is therefore carried at the 

^ uhe wall, and the exact solution of the y 

( n singularities at these points. Since the finite 

is used to calculate the vertical wall stress immediately over 

the sappork points, the result is inversely proportional to the 

Rj?e "Chis ana-Iysis cannot, therefore, provide any useful inf'07;it&tion 

: - mall stress concentration and the beam momenls. 

GcuLl', in 1966, presented an approximate solution for the wall 

on beam problem, based on minimising the strain energy of the system 

using the Eantorovich method. In the analysis, the wall stresses are 

expressed as a power series in the horizontal direction, the coefficients 

of the series being functions of height only. Coull solved the problem 

by taking only the first two of the power series and in ocction 

4.3, this is shown to have led to considerable errors in th% wall-b&am 

interface region. Using the method, Coull undertook a parameter st^dy 

on the basic wall on beam problem. 

0 

Colbourne^, in I969, presented a solution for the wall on beam 

problsmc based on representing the str̂ tcture by a lattice analogy, and 

differential equations for the system by the finite 

diffmrence method. The Poisscm's ratio for the structure was taken 

as %9rOr 
Q 

' ' in 1969, publlBhed the results from a series of ten 

full c^^ie bests carried out at the Building Research Station. The 

testB consisted of single leaf brick walls resting cm simply supported 

beams^ Both encased steel and reinforced concrete beamc ?^rt in 

tests. One of the parameters varied in the tests was the #all 

: : Y ratio, and as a result, Burhouse concluded that to 

.ility of slipping between the ari the 



' ' ' "/.h ratio ghoiiLd exceed. 0.6 as was su-: ' ? 

Ir. orier to obtain analytical values to compare with his ezperimei/'y'i 

g 

:s, Burhouse used Colboume's method of ana]ysis. 

'iifGod and Simms'^, in I969, presented a pa%)ez' detajlinf^ a prc^ 

I "'̂ d for load bearing brick walls on simply supported beamK. 

: method was based on the icjea of equivalent learf. moment^;, 

icted by Wood in In the design method, the beam 

^ it is related to the allowable degree of stress cone ; 

A sliding scale is introduced so that when a wa.j.1 stzess 

-ition cf 12^ is allowed, the design moment is Wl/lOO, b " -

tfie is loaded near its working stress, and no stress conce, 

is allowed, the design moment is reduced to WL/8. The present author 

}ias oiie fundamental objection to this design method. This is khat 

is absolutely no evidence that the distribution of stress on the wall-

beam interface is dependent on the level of loading, as is assumed in 

uliis design method. In fact, the results of Wood's own tecka, put,lisl..ec 

j_ii 1)52 ', indicate that the form of the vertical stress distribution 

along the beam remains virtually unchanged as the stress leA,'el inc 
11 

î ale and Arbon , in 196$, published a paper in which the finite 

element method was used to analyse some wall on beam structures. Che 

basic thi'ee node, two degrees of freedom per node, triangular finite 

e_ . t was used in their prog-ram. No crack generation was allowed 

for on the wall-beam boundary. The results from only a few anal yr;es 

are included in the paper. The problems analysed includnd t-f; car:e of 

a on beam structure resting directly on an elastic soil fciindaticn. 
1 ? 13 

Green also used the finite element method to stud;- wall on 

hA.qjr: his program, Green combined quadrilateral, tri' 

ric beam finite elements. The st':-];.' 



shear ' : . . . 

"..,s Lmderbaken with variables which , ' thr-

st±i±:iUbH, uue beam support width and the size an-, , , )n of 

igg in the Aall. Perspex models were uged to check t?ie accwacy 

. . be element resiilts and to indicate wliat effective support 

' - - , - . ' .g ccliunn was likely to give. Prom the *oi4., Green 

. , ._thod for shear walls with : : central 

. .. .. 1 / I'einforced concrete beams. gn 

iiiethocl) Ihe effective support width is taken as 0.75 % colirrn width 

- . .̂11118 and 0.5 % ccl-umn width for intei-nal cc]nmns. 

'fhe jjr . . author finds these standard values for support width h- -

accept, because intuitively, the effective support width must be depend-

ent upon the flexibility of the column and this is a function of its 

length., thickness and end fizidity as well as its width. Green's 

assumption, used in the design method that the stiffness of a reinfoi-ced 

concj_ete beaai is independent of the quantity of reinforcement must also 

be approximate. 

Yettraiii and Hirst^^, in 1971, published a paper in which an 

' ' method of analysing waĵ is on . is ric-ei. T̂ -1% ' - ' 

lag ineunou consists basically of dividing the wall in-co vertical 

stringezs #iich carry all the vertical load, and having these connected 

ng panels. For practical examples, the method requires 

a .. / :..roduce a solution. 
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CHAPTER 3 

miiS 017 EEAMS: DEVELOaiEIfr OF A SIMPI,3: DE5IO; METT)OD 

3,1 Introduction 

This work was imdertaken at the instigation of the Britî ;h 

Standards Institute Committee B/20/5. A simple design method for the 

composite action of walls on "beams was required for inclusion in a 

section on composite construction for the revised version of BS 449, 

the structural steelwork code of practice. The design method was 

limited to considering steel "beams as these were the only "beams 

relevant to this particular code. 

The design method went through several major revisions before 

the final version was reached. This work can, for convenience, be 

split into four main stages of development, although in fact its 

development was more gradual with intermediate stages which have not 

been included here. The first design method produced four fomulae 

for designing the beam against the various limiting conditions. 

Unfortunately the beam section could only be found from these formulae 

by trial and error. Additional information became available during 

the period that the iterative first design method was being transformed 

into a non-iterative design procedure. This information came from the 

analytical and experimental research being undertaken concurrently and 

described in Chapters 4 and ,5. The second design method ir; consider-

ably different from the first method because of this additional inform-

ation. This second method is a direct, non-iterative design procedure. 

The third design method is 9, direct development on the second method, 

"bat accounts for beam self weight effects, which were not considered 

when developing the second method. This third method is again non-



Iterative and. can be used in the form presented, for desigri work. 

The fo-urth iesigr, method, is the method finally accepted, b.y the British 

Standards Institute Gonmiittee. It is again non-iterative an"; allows 

for both beam self weight and beam level loading. 
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3.2 Development of the first design method 

3.2.1 Basic concepts 

The extent of the arching effect between a wa].l and boa..'. an̂ J the 

resultant stress distribution in the wall-beam syc;teni ir; in 

Chapter 4 to be dependent on the relE/tive stiffness of the two components 

With changes in beam flexural stiffness,from very stiff to very flexible, 

so the composite behaviour changes from a uniformly loaded beam in 

bending to that of a tied arch. The most economical design will be 

that which gives the lightest beam whilst retaining the wall and beam 

stresses and beam deflections within the design limits. 

When arching occurs, the beam usually separates from the wall in 

the mid-span region. The shear and vertical stress distribution at 

the interface of the wall and beam then take the form shown typically 

in Figs. 3.1 (a) and 3.1(b). (These results are from the K = 15, 

E/E = 20, finite element analysis described in Chapter 4). Both of 

these stress distributions can be approximated by triar.gular distribu-

tions. 

The behaviour of a wall resting on a beam is comparable in many 

respects to that of a beam on an elastic foundation subjected to a 

/ 1 ' 

concentrated load as shown in Figs. 3.2(a) and 3.2(b). Hetenyi 

derived a relationship for the length of contact (g between the beam 

and the foundation. This can be expiessed in termr; of a parameter K 

and a constant B by 

2 _ B 
1 - E 

where 
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FIG. 3.1(1) TYPICAL SHEAR STRESS DI8TEIBUT [ON ON mLL-BEAM BOUNDARY 

FIG. ].1(b) T^TICAL VEKTICAL STRESS DISTRIBUTION ON WALL-BP^AM BOUNDARY' 
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FI3. 3.2(a) BEAM ON ELASTIC PonNDATlC 

?IG. 3.2(t,) %ALL ON BEA& 

Triangular distribution 
^ of vertical and shear 
stress y !. 

W / y 
w / 

4.4 " V z 
1 Cf 

T, 

FIG. 3.3 ASSUMED LOALlro OK B5A]: 
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in which for the problem currently being considered, and t art th& 

elastic modulus and thickness of the wall, respectively, and EI and L 

are the flezural rigidity and span of the bearn̂  respectively. 

Hetenyi calculated the value of P to be n//2 . Thus Eq. 3.1 

becomes 

» _ 2 . 2 2 
1 - K . . . j.j 

It will be noted that the height of the wall has not been included 

12 9 

in the parameter K. Green and Bur house have shown that for wall 

heights exceeding 0.6L, there are only small variations in the wall 

stress distribution close to the beam. To have included a height 

parameter would have complicated the design method considerably. 

Partly on this account, but also to ensure a high arch and thus avoid 

any outward slip of the wall on the beam, a restriction is introduced 

into the design method that the wall height must be greater than 0.6L. 

In one of Burhouse's tests, where the wall height was 0.33L, slip along 

the interface occurred. 

At this first stage of developing the design method, four possible 

limiting conditions were considered. 

These were:- (a) Bending stress in the beam. 

(b) Deflection of the beam. 

(c) Bond stresses between the encasement and the beam. 

(d) Peak compressive stress in the wall. 

3.2.2 Bending stress in the bezun 

Considering the limiting condition of bending stress in the beaz, 

it was proposed to make the conservative design assumption that the 

length of contact is 1.S times that given in Eq. 3.3 



l6 

i.«. ; = . 3,ii . ^ 

th? aggimed. loading as shown In Pig, 3.? " .nenL at the 

of the beam is given by 

" - V -
y P«4.) where P is the pezmissible stiress in the steel beam. 

W L 
. . . 3.C 

This was approximated to 

G.5 W 

— . . . 3.7 EZ at 

It will be noted that when oalculating the peak beam stress and 

deflection, no account has been taken of the tie force and the reverse 

moLient oreai;..' the shear force acting on the wall-beam interface. 

Approximate oalciilationB indicated that the net effect of the tie 

force and reverse moment, was to reduce both Lhe peak beair stress and 

the beam deflection. For the sake of simplicity, both the tie force 

and the .cevezse moment were excluded from the peak beam îitress and 

- , ,;ion calculations. 

3, , j ]n of beam 

considering the beam central deflection, the length of contact 

was taken as that given in Eq. 3.3. 
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The central deflection, 5, will then be given by 

6 = 
EI ^48 120-' 

3.8 

Substituting « = 2.221,/E give: 

6 _ /2.22 2.22^ ^ 
K M ^ 48 " ^^Qg2^ ' ' ' 

2 22^ 

The term —=—r is relatively small and can be neglected. 
12CK: 

0.046 W 
Thus 6 = . . . 3.10 

This was approximated to 

W 

20EBI ^ ^s ' ' ' 

where 6 ̂  is a specified maximum design deflection. 

3.2.4 Bond stresses between encasement and beam 

The length of contact assumed for bending would lead to unsafe 

results if used to predict the bond stresses between the encasement 

and beam. Therefore, for this case, the conservative assumption was 

made that the length of contact was two thirds of that given by Eq. 3.3 

i.e. 2 . C K i l i ^ ^ ^ 3.12 
ll K. A. 

10 
Wood proposed that the value of the horizontal shear force 

between the wall and beam was approximately W^4-4. This val'jie 

calculated by assuming a parabolic line of thnj::t in the of height 

0.551). After undertaking a paz'ameter study urnn^ tho fir,:'/; 
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12 

teclmique, Green suggested, that the value was W^4. The value of 

WY^4.4 was adopted, for this design method. Wood, also recommended that 

the maximum value for bond stress should be taken as P ../ZO, where P 
CP cb 

is the permissible compressive strength of the concrete encasement 

material. 

Assuming bond to occur around, a beam section perimeter length of 

2(B^ + Dg) and that the shear sti-ess distribution can be taken as 

triangular. The limiting condition for bond stress is given by 

2 . W 
w , , 

4.4 I 1.51 2(B_ + ^ 

6.6L(Bl + D j > • • • 3.13 

This was approximated to 

7L(Bg + Dg) ^ ^cb/^° ' ' ' 

3.2.5 Peak compressive stress in the wall 

The length of contact assumed for the peak cocpressicn zzress i: 

the wall was taken as in Eq. 3.12. This value was adopted for the 

same reason as given in Section 3.2.4 above. 

Considering the vertical equilibrium at the wall-beam interface 

and assuming the triangular stress distribution 

f (Y t _ . . . ^. 1V 

mhnre is the peak wall ntror;::. 
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Thus substituting in for # from Eq. 3.12 gives 

I - T T ^ ^ 

where P is the maximum permissible compressive wall stress. 

3.2.6 Summary of the design method. 

Using Eq. 3.2, 3.7, 3.11, 3.14 3.16, a beam could be designed, 

by a method of trial and error, to er^^re that it satisfied all the 

four failure criteria given in Section 3.2.1. 
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3.3 Develomient of a second desiKH method 

3.3.1 Introduction 

The previously described design method was iterative and thus 

inconvenient to apply. A direct, non-iterative design method was 

required and this was developed in this second design method. 

Also at this time, test information, described in Chapter 5, 

became available, which led to the modifjcation of some of the 

assumptions on which the first design method was based. 

3.3.2 Modifications caused by additional inforniation 

The plaster model tests, the Building Research Establislmient tests 

and the masonry wall on reinforced concrete beam tests described in 

Sections 5.2, 5.4 and 5.5 respectively indicated that the length of 

contact assumptions of the first design method were inaccurate. The 

results from these tests are summaz-iEied in Table 3.1. It can be seen 

that the actual length of contact as represented by the B values is 

considerably less thaii the assumed value given by B = 2.22. The differ-

ence between the beam on elastic foundation length of contact and the 

wall on beam length of contact is due to differences in beam support 

restraint. Considering Fig. 3.^(a), it can be seen that the beam on 

elastic foundation theo^r should relate in Fig. 3.2(b) to a case 

the ends of the beam are constrained against rotation. If the cf 

the beam are free to rotate, as in the current problem, t?io lenrrkh of 

contact will be reduced. New, realistic estimates of the length 

of contact were introduced into the design method using the re^jlts 

shown in Table 3,1. These were given by:-



(a) for use in estimating the "be. -..f of the beam c/ 

(b) for use in estimating the compressive bi'ickwork stress 

(c) for use in estimating the horizontal shear stress 

. 3.17 

Q, _ — _ 2.1A 

1.0L ^ 
(y - — — . j. '9 

Estimated B value 

K 1 From 1 From 1 From 
measured | measiired fMliire 

1 contact 1 peak load 
{length stress 

11.2 
i 

1.02 0.90 0.78 

Plaster model 15.1 1.16 0.77 0.96 
tests 1 

24.2 : 1.21 1.28 1.02 

14.4 1.09 0.98 0.90 

5.9 1 1.26 1.23 
113k wall on 

].sed steel beam 8.6 ' 1.08 1.16 1.10 
"3 S 

7.4 1,05 L09 

10.5 1.16 — 

i;'. '_r' oncrete 
15.4 1.28 

e j,1 Summarised, results from wall on beam tests 

These new estimates were taken so that conservative rerj^lts would 

btalned when using these equations. The length of contact given 

the shear stress was taken to be greater than that for th.o 

"̂ kica] stress, because of thejr differinf; p,trv;::n die-

r,,3 indicated in Figs. 3.1(a) and 3.1(b). 
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In a series of ten full scale wall on beam tests underlaken by 

Q 

Borhouse , the greatest beam deflection recorded at failure was 1/840; 

This value is considerably leas than values estimated by the first 

{a method* This is due to the fact that the sagging moment is 

considerably reduced by the reduced length of contact, while the 

.ging moment due to the shear ' . which is unchanged, was not 

included in the calculation. Since a beam deflection of L/84O is well 

below any probable beam deflection limit and the accurate determination 

of the deflection wag likely to be difficult, the deflection condition 

was dropped from this design method. 

This then left three conditions to consider 

(a) Peak wall Btress. 

(b) Bending stress in the steel beam. 

(c) Shear stress on the wall-beam interface. 

3.3.3 limiting condition of peak wall stress 

As before from Eq. 3.15 

^b * t = *w 

Introducing the assumption that gives 

0.75f%Lt 

E w 
= W_ . . . 3.20 

aow E 
EI V 

t 
I.e. i = . --q- , , , 3.21 

K 
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Combining Eq. 3.20 and. 3.21 gives 

I = .t l3. -

E W 4 
i.e. 1 = 7 ^ . j r . . . 3.22 

^ 0 . 7 5 % ^ Lt^ 

If the maximum permissible brickwork stress is P then 

E W 

: f ' f-T— ' ' ' 3.23 

0 . 7 5 % Lt 

The ratio B :E is assimed. to be 1;30. This is thought to be a 

typical value when comparing a masonry wall with a steel beam. Taking 

this value Eq. 3.23 becomes 
W ^ 

I / . . . 3.24 

Using Eq. 3.24, it is possible to find the li^test beam section 
that ensures that the limiting wall stress P is not exceeded, it 

however, necessary to check that the permissible bending stress of thi 

steel section is not exceeded. 

Again neglecting the reverse moment, the peak bearr; ir; 

given by 

It is assumed for bending that ^ 
Jj K 

W L 
Thus M = . . . 3.26 

4K. 

From Eq. 3.20 

« = p, •-t 
w 
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W 2 

Thus M = ^ p ^ 

If the maximum permissible steel stress is the required 

section modulus, Z, of the beam is given by 

2 
W 

Z f! . T, T, . . . . 3.28 
^st ̂ b 

3.3.4 Limiting condition of bending stress in the steel beam 

If the section chosen from Eq. 3.24 does not satisfy Eq. 3.28, it 

is then necessary to select a new steel section to satisfy the bending 

stress limit. This section will ther automatically satisfy the brick-

work stress limit provided its I value is greater than that given by 

Eq. 3.24. It would not be correct to choose a new section u^ing 

Eq. 3.28 because Eq. 3.28 is only applicable when the wall is stressed 

to its maximum value P^. 
b 

Using Bq. 3j26 

V V 
Required Z — . . . 3.2$ 

^st 

^w 1 
From Eq. 3.2 and assuming — = , as b&fore 

±1 ju 

K _ / 1 jr, 

Combining Eq. 3.29 and 3.30 gives 

4y--
z y 

St V 
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Using Eg. 3.31, it is possible, by trial and error, for a %'iven 

loading, span and wall thickness, to find the lightest bea^ section 

and corresponding K value that satisfies the steel stress limit P 

Using a Hewlett Packard programmable calculator, results were calculated 

for various spans and loading with a 9 inch wall and a steel limit of 

23,500 Ibf/in which corresponds to mild steel. The results are shown 

in Table 3.2. Table 3.2 also includes results calculated using Eq. 3.24 

2 
with a wall stress limit of 450 Ibf/in and results calculated using a 

WL 

type design. For four span-loading combinations, approximate 

calculations were undertaken that included the effects of reverse 

moment, tie force and beam encasement and these results are also 

included in Table 3.2. Only compressive stresses were allowed in the 

encasement material in these calculations as the material was assumed 

to have cracked in tension. These last results indicate that both the 

steel and wall stresses will be below the design method estimates 

and thus the design method is conservative in these respects. The 

concrete encasement compressive stresses are well below the likely 

strength of the materials, and thus no problems should be experienced 

in this respect. 

The results in Table 3.2 indicate that K iu approximately related 

to the intensity of the wall loading. A graph of K against the loading 

per ft. was constructed taking a conservative value of K at each load 

level and this is shown in Fig. 3.4. Using this graph and 3.29, 

the beam could be designed directly without any iterative process. 

The graph applies only to systems with a $ in. thick wall ani a cazizuz 
2 2 

permissible steel stress of 10.5T/in , i.e. 23,500 Ibf/in . To obtain 

K graphs for other wall thickness and steel strength combinaticns, 

further calculations of the type above were requArei. 
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!D&BI:E 3.2 BEAM SIZES FOR DIFFBRmT SPANS AND LOADING TO 
SATISFY DIFFERENT LIMITS 
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At this stage it was iecicLed. to convert the design method, to limit 

state and. metric form. The three main d.esign equations 3.24, 3.28 

and. 3.29 required, no alterations. The K graph did. need, changing to 

account for the higher d-esign steel stress and. the lower d.e2ign 

load.ing. 

Calculations were und.ertaken as before using Eq. 3.31 to d.etermine 

by trial and. error the lightest beam section that satisfied the steel 

stress limit for a range of spans and loading corresponding to those 

used previously in Table 3.2. Two steel strengths were taken corres-

ponding to grades 43 and 50 steel and three wall thicknesses of 112.5 mm. 

(4& in.), 225 mm. (9 in.) and 337.5 mm. (13^ in.) were also included. 

Taking the lowest E value for each loading level as before, six curves 

were constructed corresponding to the six steel strength/wall thickness 

combinations. So as to obtain more accurate points on the graph where 

the beam sections were small and the choice of sections limited, reverse 

calculations were undertaken. Starting with the beam section, the 

load carrying capacity of the structure was calculated using Eq. 3.31. 

The six design curves for E are shown in Fig. 3.5. 

Using Eqg. 3.24, 3.28 and 3.2$ and the K curves it was now possible 

to design the beam directly to account for the peak wall and beam stresses. 

3.3.5 Shear force consideration 

The tendency of the wall to arch across the ends of the supporting 

beam induces a horizontal shear force at each end. The shear strength 

of the wall-beam connection and the encasement of the bear, nust ce 

adequate to transfer this shear force into the steel beac. 

Since shear failure had not been detected in any tests where the 

wall height exceeded O .6I, , it was considered more convenient to include 

the shear force condition as a check rather thar as a iecifT: criteria. 
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As before the value of the horizontal thrust is taken as W^4.4. 

This is distributed, triangularly over a length of contact given in 

Sq. 3.19 as 

L 

" K 

Thus the mazimum horiy.ontal force per unit length, H' , is giveri by 

W , K 
H' = . . . 3.32 

When the beam steel stress is limiting, the K value is already 

known from Fig. 3.5. 

When the wall stress is limiting, the E value can be calculated 

using Eq. 3.20.. Combining Eqs. 3.20 and. 3.32 gives 

H' = 0.34 . . . 3.33 

L 

3.3.6 Required, wall stirenfrth if — ^ d-esign beam used. 

In certain d.e8ign oases when a weaJc wall materia] is used, the 

beam section calculated when using the wall stress limit may be heavier 
W I, 

than that taken when using a —g— type design. It was thought possible 

that some designers mi^t prefer to use a lighter beam and then 

strengthen the wall. The minimum required wall d.esign strength can 

be found, by combining Eqg. 3.20 and 3.30 
W 3 

T, V w /tL^ 
b 0.75 1% / 301 

A 
i.e. P, 0.57W 

3.3.7 Summary of the design procediire for the second design method 

1. a) Select a beam to satisfy the wall stress coniiticr j.3ing 
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3 . . . 

b) Check the selected, section for the bending stress condition 

using 
W 

Z \ . . . . 3.36 
^^st ^b 

If the Z of the steel section chosen by Eq. 3.35 satisfies Eq.3.36, 

the beam is adequate in bending and Stages 3 and 4 reinain to complete 

the design. If the section does not satisfy Eq. 3.36, proceed to 

Stage 2 . 

2. Using Fig. 3.5, find the value of K corresponding to the loading 

intensity W t h e wall thickness and the appropriate grade of 

steel. Tallies of K for wall thicknesses between those given 

can be found by linear interpolation. Then select a sectior. to 

sati sf y 

Z . . , 3.37 

Proceed to stage 4. 

3 . If the steel section designed in Stage 1 is less econorzical then 

the section designed by 

W L 
Z ^ 7 = ^ . . . 3.38 

St 

the latter may be used provided that the wall over the beam 

supports is increased to a minimim strength of 

^ • • • 3.39 

The region of strengthened wall should extend horizontal and 

vertical distances of L/IO along the span and upward:, r̂ r̂-̂ octively 

from each support. 
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4. A check on the acLeq-uacy of the mortar or encasement in resistlrug 

the tendency of the "arch" to spread can be made using one of the 

following formulae. 

The mazimtm horizontal force per -un.it length, H', at the ends 

of the beam is given by:-

a) when the -mall stress is limiting or the beam is designed 

H' = 0.34 . . . 3 .40 

b) when the bending stizess is limiting 

S' = . . . 3./II 
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3 . 4 Development of the third design method 

3.4.1 Introduction 

When developing the second design method, no consideration was 

given to l]eam self weight effects. In certain oases these effects 

can be important and so this third design, method was developed to 

include allowances for these 8e]f weight effects. When beam level 

loading occurs, other than beam self weight, this can be accounted 

for in this third design method by using the WL/8 method. 

This design method is based on the second design method and thus 

again considers the peak wall compressive and shear stresses and the 

beam bending stress as the main limiting factors. 

3.4-2 Peak wall stress limit 

The beam self weight will not affect the beam section required to 

satisfy the peak wall stress limit. Thus from Eq. 3.35 

W ^ 
I 3.42 

9.5 

where W is the aim of the wall self weight and the superimposed 

loading on the wall. 

Again it is necessary to check whether the section chosen from 

Eq. 3.42 satisfies the beam steel stress. Using Eq. 3.36 and adding 

the section modulus required for the beam self weight, Z^, gives 

2 
W 

If the beam designed by Eq. 3.^2 also satisfies Eq. 3.43, then both 

wall and beam stress are within their design values. 
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Again it should, be noted, that Eq. 3.43 must only be unod tc ô ieck 

beams designed, by Eq. 3.42. It is not a general design 

because it is invalidated when the brickwork stress is not equal to 

In certain cases of light loading with strong brickwork it is 

possible to design by this method a beam of such a small sectioii tlial, 

its self wei^t deflection is unacceptably large. An investigation of 

encased beam self weight deflections was undertaken using a Hewlett 

Packard programmable calculator. The steel sections were assumed to 

be encased with 5 cm. of cover and the encasement material was assumed 

to have cracked so that it could take no tensile stress. Spans between 

2 m and 12 m were considered. As a result of this investigation a 

recommendation was introduced into the design method that the steel 

beam section depth I^ should not be less than L/25. This ensures that 

the total beam deflection due to wall loading and self weight should 

not exceed L/300. 

This minimum beam depth restriction was found to have an important 

side effect. Repeated calculations showed that if the limit state 

design brickwork stress was less than 6000 KN/m , the wall thickness 

less than 340 mm., and the beam depth not less than I'/25, ther a beam 

design for wall stresses by Eq. 3.42 automatically satisfied the beam 

tending stress condition of Eq. 3.43. Therefore, the beam couLd be 

designed using only the brickwork limit and, if necessary, increasing 

the section depth to Ii/25 without any check on the beam stresses. 

When the design brickwork stress is greater than 6000 it 

is necessary to check the beam stress using Eq. 3.43. This check must 

be made before any increase of depth to 1/25 as Eq. 3.̂ 13 assumes the 

wall stress is equal to its design value which would not be the case 

when the beam depth is increased. 
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3.4.3 Beam bending stress limit 

If the beam design by Eq. 3.42 does not meet the requirement of 

Eq. 3.43, only the wall stresses are satisfied and it is ncceseary 

to redesign the beam to satisfy the steel stress condition. 

The design shoiild now be based on Eq. 3.37, but with the addition 

of the section modtiltis required for the beam self weight. 

i.e. Z ^ ^ ( p + Z ̂  3 • 44 

K' is defined by the same equation as K, i.e. Eq. 3.2. It is 

identified from K because when the beam is stiffened to account for 

self-wei^t, the resultant E' value is different from the value found 

from Fig. 3.5. Fig, 3.5 is thus not applicable to this third design 

method. 

The design should now be based on Eq. 3.44. It should be noted 

that it would be incorrect to design the beam by first neglecting its 

self-weig)it, and then incireasing the beam by Z to account for the 

self-weight. It would be incorrect because if the beam were stiffened 

to account for self weight, the K value would change, resulting in a 

spread of the wall/beam interaction forces towards the centr-e of the 

span. The overall effect would be to increase the beam mom&rt to 

above the design value. 

Bq. 3.44 can. a.gain only be solved iteratively, since Fig. 3.5 is 

not applica,ble. The problem was again studied using the prog-rammable 

calculator for the same combination of four spans, three wall thick-

nesses and two steel strengths used in the second design method. Each 

calculation Involved choosing a section and combining it with the span, 

wall and steel data. The value of K' and the corresponding Z value 
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were computed, together with the maximum wall loading, that the 

system could carry. The steel sections were assumed to be encased 

with 5 cm. of cover as before. 

The results again revealed a relationship between E' and the 

intensity of loading for each wall thickness and steel strength 

combination. The results for one combination are shown in Fig. 3.6. 

A set of curves was constructed for K' .against W^/L taking the most 

conservative points i.e. those with the least K' for a particular 

value. These E' curves are shown in Fig. 3.7. As might be expected 

the greatest differences between the E' curves in Fig. 3.7 and the E 

curves in Fig, 3.5 occur for the lowest values, when self weight 

effects become more important. 

The results also indicated a reasonable ^relationship between Z /Z 

2 

and W^/L as shown in Fig. 3.8. Thus relationship is virtually inde-

pendent of wall thickness and steel strength. A conservative curve of 
Z 2 

log(l - ) against was constructed, as in Fig. 3.9. A log 
2 

curve was chosen because it was more convenient to use for low W^/L 

values. The non-dimensional term (1 - Z^/Z), will be defined as a 

variable C. 
W L 

From Eq. 3.44 Z - Z ^ * S r 4E, 

W 1 
therefore Z 

4K'(1 - lf)Pst 

or Z ^ 
4K'C Pgt 

It is now possible to design a steel section directly for the 

steel stress condition using the curves in Fig. 3.7 and 3.9 and Eq. 3.45. 

For wall thicknesses between those given in Fig. 3.7, conservative 
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values may "be foimd by linear interpolation. If necessary" the section 

depth should be increased as previously to L/25, as a safeguard against 

excessive self weight deflection. 

3.4.4 Shear force consideration 

The maximum horizontal force per unit length, H' , on the wall-beam 

interface is given in Eq. 3.41 "by 

W E ' 
S' = . . . 3. 46 

Thus the peak shear stress, T, on this boundary is given by 

0 .45 W ^ ' 

It 

An estimate of the ultimate shear strength, f , is given by 

3.47 

^s = ^bs + ^ ^y ' ' ' 

in which f is the bond shear strength, n the coefficient of internal 

friction and the compressive stress normal to the shearing plane. 

A conservative estimate of n between the brickwork and concrete 

encasement is 0.5 and, when unencased, between the brickwork and the 

steel beam is 0.3.^^ 

Therefore, for an encased beam 

fg - f^g + 0.5 . . . v.4;̂  

and for an unencased beam where bond between the brickwork and nteel 

cannot be relied upon 

f = 0.3 o . . . j.50 
s y 

The peak shear stress occurs close to the support at which point 

the value of a is given by Eq. 3.20 as 
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0.75I.t 

Therefore the available strengths are; 

for an encased beam 

. 3.51 

W K' 

^8 " ^b8 Lt" ' ' ' 

and for an unencased beam 

W^K! 
fg = 0.4 . . . 3.53 

Considering Eqs. 3.47 and 3.52 for encased beams and the con-

servative assumptions taken for the shear stress distribution and for 

p,, it seems reasonable to neglect shear fajlure as a limiting state. 

No cases of shear failure are known to the author for tests on walls 

of height greater than 0.6L. 

However, considering Eqs. 3.47 and 3.52 for iznencased sections, 

the shear stress is likely to exceed the shear strength. Therefore 

"unencased beams are excluded from the design method unless special 

meajis for lateral restraint of the wall are provided. 

3.4.5 Design using WL/8 method. 

This method can be used when beam loading due to adjacent slab 

exists. The equations used in the second design method req̂ jire no alter-

ation to account for beam loading, except that in Eq. 

be replaced by (W^ + W^) , W is the self weight of the beai- plus any 

adjacent slab loading acting on the beam. 

3.4*^ Summary of the design procedure for the third design method 

Method I when the brickwork or blockwork design stress does not 

exceed 6OOO KN/m^ 
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1. Select a steel section using 

W ^ 

I r - 7 . . . 3.54 
9.5Lt-^^^ 

2. If for the selected section, D < 1/25 select an alternatj-ve 

section with 1/25 and I not le^s than given by Eq. 3.54. 

3. Check that the encased beam and its end connections have adequate 

shear strength. 

Method II when the brickwork or blockwork design stress exceeds 

6000 m/rn^. 

1. Select a steel section using Bq. 3.54 of Method I. 

2. Check that the section modulus of the chosen steel section satisfies 

0 
W 

z ^ p + + Zg . . . 3.55 
^st ^b 

If Eq. 3.55 is satisfied, proceed to steps 2 and 3 in Method I. 

If not, proceed to step 3 below. 

3. Fse Figs. 3.7 Eind 3.9 to determine values of the dimencionless 

numbers E' and C, respectively, using interpolation if necessary. 

Then select an alternative section using 

, ^ 3.6 
' P # # # 

st 

Then proceed to steps 2 and 3 in Method I. 

Method III when Methods I or H result in a heavier steel section 

than given by a design for distributed load moment Wl/S or if the beam 

supports any adjacent slabs in addition to the wall. 
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1. The beam should be designed for the distributed load condition 

to satisfy 

z o p . ... 3.57 
St 

in which W is the self weight of the encased beam plufj the slab 

loading, if present. 

2. The strength of the brickwork or blockwork within hoi'izontal and 

vertical distances of L/lO from the supports, must be increased, 

if necessary to satisfy 

P. 0.57 W y - Y ' ' . 3.58 
/ Lt^I 
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3.5 Development of the fomrth design method 

3.5.1 Introduction 

The fourth design method is the method accepted by tho British 

Standards Institute Committee. This method allows both beam self 

weight and other beam loading to be included in one simple design 

method. The main disadvantage of the third design method was that 

beam level loading, other than beam self weight, could only be included 

using the WL/8 method and this method tends to be inefficient because 

no account is taken of the reduced beam moment due to the wall arching. 

The WL/8 method was removed completely from this fourth design method 

because its other purpose Of in some cases designing a lighter beam 

by strengthening the brickwork could also be achieved using the other 

method if the brickwork was strengthened. 

The brickwork compressive stress and the beam bendjng rjtress are 

taken as the two limiting conditions. The wall shear stress is not 

considered because Section 3.4.4 showed it not to be limitinf^ when the 

beam was encased. 

3.5.2 Peak wall stress limit 

The beam loading will not affect the size of beam required to 

satisfy the peak wall stress limit. 

Thus from Eq. 3.54 

W ^ 
I ^ . . . 3.59 

Again it is necessary to check whether the section chorjen from 

Eq. 3.59 satisfies the beam section. In the third design method it 

was found to be unnecessary to check the beam strength when the brick 

2 
strength was greater thaji 6000 KE/m'^ and the beam depth waz: ̂ reater 
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than I,/25. In this fom?th design method, it will always be necessary 

to check the beam stresses, because beam loading is allowed and this 

increases the beam stresses. 

Using Eq.. 3.55, and. adding the section modulus required for a unifoimly 

distributed beam load of W , which includes the beam self weight, 

s ' 

gives 

W 1 
' ^ 

If the beam designed by Bq. 3.59 also satisfies Eq. 3.60, then 

both wall and beam stresses are within their design values. 

Again it should be noted that Eq. 3.60 must only be used to check 

beams designed by Eq. 3.59 because Eq. 3.59 is invalida.ted if the 

brickwork stress is not equal to 

If Eqs. 3.59 sm̂ d. 3.60 are both satisfied then the minimum depth 

restriction of 1/25 should again be applied. 

3.5.3 Beam bending stress limit 

If the beam designed by Eq. 3.59 does not meet the requirement 

of Bq. 3 . 6 0 , only the wall stresses are satisfied and it in necessary 

to redesign the beam to meet the steel stress condition. 

As explained in Section 3.4.3, it would be incorrect to design 

the beam by first neglecting the beam loading, and then to increase 

the beam by the section modulus required to sustain this bea:r. Icailr^. 

It would be incorrect, because to stiffen the beam to accoî nt for the 

beam loading, would reduce the K value, which would ccnseque/.tly 

inc]?ease the beam moment due to the wall loading. 

An investigation was undertaken to discover the magnitude of the 

errors that developed when the beam was designed by considerinf/ the 
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wall and beam loading separately. The investigation was undertaken 

on a Wang mini-computer using a Basic language program. A whole range 

of beam spans, beam strengths, wall thicknesses, wall loading and beam 

loading were considered.. First a beam span,beam strength, wall thick-

ness and. beam section were chosen. The K value for this configuration 

E.̂ , and the wall load., W , that this beam would take assuming that 

there was no beam loading were calculated, using Eqs. 3.30 and. 3.^9. The 

beam loading, W , was then taken as a chosen proportion of the wall 

loading and the section modulus required, to sustain this beam loading 

only was calculated.. The sum of the section mod.u.lu8 of the original 

beam and. the section mod.ulu8 required for beam loading was calculated 

and a new beam section chosen from this value. The new E value, Eg, of 

the configuration using this section was calculated.. The beam moment 

due to wall loading is inversely proportional to the E value. Thus 

the percentage increase in the beam moment d.ue to wall loading, 

is given by: 

W 1 W I, 
w w 
4Ep " 4E, 

^1 w T - ' 
w 

or X 100^ . . . 3.61 

The percentage Increase in the total beam moment, Pg, is given by 

P 
2 

W L W I, 
w w 

4^2 " 

W 1 W L w s 

^ 1 ^ 
8 

X 100^ 
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V i T - f7^ 
or Pg = I 100^ . . . 3.62 

/ W 8 \ 

(%; + — ' 

The P values relate to the errors that would develop in estimating 

the beam moment if the beam section was chosen by cofisidering the wall 

loading and. beam loading separately, and then the results were summed. 

The results of the investigation showed as might be expected,the 

errors in the proportion of the beam moment relating to the wall load-

ing, P^, increased as the beam loading increased. 

The moi-e important error term, P^, relating to the total beam 

moment was found not to increase with increasing beam loading, but 

stayed fairly constant between 10 and 20 percent. This can be explained 

since although the P^ error increases with increasing bearn loading, the 

proportion of the total moment that P.̂  relates to reduces at about the 

same rate as P^ increases. 

In formulating the second design method, very conservative assump-

tions had been made regarding the beam moment . These assumptions 

related to the cancelling effect of the reverse moment and the tie 

force. The computer analyses described in Chapter 4 confirmed this 

degree of conservation. It was thus thought that the beam rjoment coi^d 

be calculated assuming that the wall and beam loading acted independently 

without increasing the resulting moment by the factor of 20 percent. 

The required section could thus be calculated frrm Eq. 3.37 of the 

second design method with the addition of the section moduli^ rf:quired 

for the beam loading. 

L W I, 
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The K curves of the second. d.esign method., shown in Fig. 3.5), will 

be applicable to Eq. 3.63 and thu.8 no iteration procedure is required, 

to select a beam section. 

Since the beam moment had effectively been reduced, by 1?^ in 

Eq. 3.63, it seemed reasonable to red.uce the beam moment due to wall 

loading in Eq. 3.60 by a similar factor giving 

W ^ W 1 

3.5.4 other considerations 

If a wall is built on an unpropped. beam, the uncured wall will 

tend to distribute its weight uniformly along the beam length. Since 

such loading is not accounted for in the design, the beam must be 

propped during wall construction. 

In ord.er that composite action can d.evelop, the wall is required, 

to act as an arch. Any holes in the arching region of the vrall would 

obviously affect its arching.capacity. For this reason no holes are 

permitted, in the wall in the arching region. The arching region taken 

for the purpose of the d.esign method, is shown in Fig. 3.10. 

In d.eveloping the design method, the assumption was made that the 

wall loading was reasonably uniformly spread, across the span. For 

this reason, the provision is made that the line of action of the wall 

load is within themid.dle third of the span. 

3.5.5 Summary of fourth design method 

Provisions. The following provisions shall apply 

(a) the beam shall be a uniform hot-rolled, section symmetrical arout 



Arching region 

SPAN = L 

FIG. 3.10 ARCarNG REGION - NO HOLES ALLOIVED 
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its vertical azis and. encased except when definite provision is made 

to transfer an outward thmst of ̂ ^ 4 from the ends of the wall to the 

beam. 

(b) the beam shall be propped during consti-uction and curing of the 

wall, 

(c) the wall shall have a height/length ratio not less than 0.6 and 

shall be designed in accordance with CP 111. 

(d) at the level of the base of the wall the resultant vertical line 

of action of the total wall load W must not lie outside the middle 

third of the span. 

(e) the airching region shown in Fig. 3.10 must not be penetrated ly 

holes. Holes are permitted in the wall above and below the arching 

region. However, in the case of holes above the arching region 

(l) the total width of openings at any horizontal cross-section 

must not exceed one-third of the span. 

and (2) the portions of the wall left standing must individijally 

satisfy the requirements of CP 111. 

Notation 

W - self weight of wall + superimposed load on wall,'multiplied by 

appropriate collapse limit state load factors 

W - self wei^t of beam + total slab load, multiplied by appropriate 

collapse limit state load factors. 

p ^ - steel chciracteristic strength collapse limit state strez: 

factor 

p.y - (brickwork or blockwork characteristic strength - collapse 

limit state stress factor) multiplied by local allowable stress 

concentration factor, which is given in CP 111 as 1.5. 
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L - span of beam 

t - thickness of wall. 

Design procedTire 

Any consistent set of units may be used in Eqs. 3.65, 3.66 and 

3.67. In Fig. 3.5, is in KN/m. 

The procedure is as follows: 

(a) Select a steel beam section to satisfy the permissible brickwork 

(or blockwork) stress using 

W 
I . . . 3.65 

(b) Check the adequacy of the selected section for bending stress 

using 

W ^ W I, 

' * 3 7 6 ^ 5 ? * ^ • • • 

If Z is adequate, proceed to steps (d) and (e). 

If Z is not adequate, proceed to step (c) . 

(c) Use Fig. 3.5 to find the value of E appropriate to W t and 

p^, interpolating if necessary. Select a new section to satisfy 

the bending stress using 

In this case the wall stress will be below the maiimum permissible 

value and need not be considered. Proceed to steps (d) and (e). 

(d) If necessary increase the depth of the steel section to give a 

minimum depth/span ratio of 1/2$ ensuring that the values of I 

and Z are not reduced. 
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(e) Check the steel section for adequacy against vertical rjhear. 
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3.6 Conclusions 

The main conclusions from this chapter can he summarized as 

follows:-

(1) The desigp of masonry walls on encased steel subjected to 

vertical loading, can be simply achieved by using either the 

third or fourth design method. 

(2) The fourth design method should be used when the supporting beam 

is subjected to floor loading in addition to the wall loading. 

When there is no z^Locxrloading, either the third or fourth design 

method can be used. 

(3) These design methods should provide conservative designs, provided 

the provisions given in Section 3.5-5 are followed. 
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CHAPTER 4 

WALLS ON BEAMS: COMPUTER ANALYSES 

4.1 Introduction 

This chapter is concerned with the numerical stress analysis of 

wal] on iDeajn structures. For the basic wall on beam problem, where 

the wall is of the same length as the beam and the beam is simply-

supported at its ends, separation cracking is known to occur between 

the wall and beam in the midspan region. In order to produce anything 

approaching an accurate elastic analysis of these structures, the 

analysis method must make allowance for this cracking. 

The finite element programs developed in this chapter allow for 

the automatic generation of this separation crack. Using these programs, 

analyses were undertaken to study the behaviour of the basic wall on 

beam structure and thus check the validity of the design method devel-

oped in Chapter 3. Finally a brief investigation was ma,de of the 

behaviour of more complicated wall on beam structures. 



54 

4 . 2 Development of finite element computer programs to analr/se wall 

on beam problems 

4.2.1 Introduction 

Two separate computer programs were developed to anal ̂se wall on 

beam structures. The main difference between the programs was the 

procedure used to represent separation cracking on the wall-beam 

interface. The first program was in the Algol computer language and 

in this program, cracking was represented by reducing the riodulus of 

elasticity of wall-beam interface elements to zero. The second program 

was in Fortran language and in this program, cracking was represented 

by separating nodes on the wall-beam interface. Both programs were 

developed specifically to analyse wall-on-beam structures where both 

the loading and structure were symmetric about the vertical through the 

centre of span. To reduce computer stoire requirements, only the left 

hand half of the structures were analysed. Throughout the research 

period, the programs were being both modified and improved. 

4.2.2 Algol program 

This program was based on a program originally written by 

17 

Choudhury . It used the basic four node rectangular element with two 

degrees of freedom per node and linearly varying displacement functions 

along the boundaries of the form 

u = A ^ + A g X f A^y 4- A^xy . . . 4.1 

V = A ^ + A g X + A ^ y 4- . . . 4 . 2 

The program supplied the solution in the form of the a ard v 

displacements for each node, together with the centroid stresses. The 

stresses calculated were the horizontal, vertical and shear rjtresses 
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as well as the direction and magnitude of the principal stre^uec. 

The program was of a form that enabled it to analyse brickwork, 

i.e. elements of two different elastic properties, representing brick 

and mortar, could be Combined together. 

The first alteration made to the program was to allow it to read 

in twc more values of elastic modulus. The first was to represent 

the beam material and the second to represent the separation crack 

above the beam. The separation crack was represented by elements of 

extremely low modulus of elasticity. 

The procedure consisted of analysing the structure initially with 

no separation crack elements. The vertical stress results for the 

elements immediately above the beam were then checked for tension. 

Separation crack element properties were introduced into the elements 

where tension occurred and the structure was reanalysed. The process 

was repeated until no more tension elements developed. 

At this stage a few analyses were undertaken, but the inconvenience 

of the manually performed iteration procedure led to the next develop-

ment of introducing an automatic iteration process. Also at this time 

a new type of finite element was introduced into the program. This new 

18 

element, developed by Lau , was expected to give improved accuracy 

with the same number of degrees of freedom. It was a hybrid type four 

node rectangular element, based on the generalised energy principal, 

with as before, two degrees of freedom per node. Again linear dis-

placement functions are assumed on the boundary, but internally 

independent linear direct stress functions are taken. The 3he&r 

stress is taken as being constant over the element. 

Several analyses were undertaken to test the new element against 

the previous element. These analyses seemed to indicate tha^ the 
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element did give slightly improved, results, which was shown by 

increases in beam deflection and stress concentration in the v/all 

above the supports. 

Using the program in this form, with the new element and t̂-je 

automatic generation of the separation crack, several further analyses 

were undertaken. These mainly represented the plaster model tests 

described in Section 5.2. The aim of these analyses was to obtain a 

comparison between the e3[perimental and theoretical results. 

At this stage, it was decided to try a different method of 

representing the separation crack. If the nodes could be separated 

where the tension occurred, then possibly a more accurate result would 

emerge, than that obtained at present by effectively removing the 

elements above the beam. It was also considered desirable to switch 

to Fortran because the majority of the other work in the department 

was being conducted in Fortran. 

For the above two reasons, a completely different Fortran program 

was developed. 

4.2.3 Fortran program 

This program was based on a finite element program developed 

18 

initially by Lau . In its original form, rectangular elements of the 

new type wei-e used. The program allowed for only one size of elements 

with one material property. The solution was given for the x and y 

displacements for each node together with the averaged strecrjer; at the 

nodes which included the principal stresses with theii- directionr;. 

Several major modifications were required. The firsrt v/a- to 

adapt the program to allow for different sized elements with different 

material properties to represent brick, mortar and beani elerier.ts. The 
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next stage was to introduce a routine to create the separation crack 

by separation of nodes. It was desirable to achieve the r;eparation of 

nodes without a complete renumbering. If two sets of nodes were 

introduced along the wall-beam interface and one set not used until 

separation, the result would be a greatly increased bandwidth in the 

stiffness matrix which was very undesirable. This is illustrated in 

Fig. 4.1. The method chosen to overcome these problems is now des-

cribed. The structure was initially separated along the wall-beam 

interface with a different set of nodes for each side. A linking 

matrix was then introduced directly into the stiffness matrix for each 

pair of nodes to be joined. The linking matrix effectively represented 

a short, very stiff member that connected the two nodes. This forced 

the two nodes to have equal displacements. The positioning of the 

linking matrix in the stiffness matrix is shown in Fig. 4.2. To 

separate the nodes, the linking matrix was removed from the nodes 

concerned. 

At this stage, problems developed regarding the use of nodal 

stresses. When nodal stresses were printed out before the;' were 

averaged, in a test problem, large differences were noticed in the 

stresses for the nodes on the wall-beam boundary. After averaging, a 

wave effect was noticed for the stress perpendicular to the wall-beam 

boundary as shown in Fig. 4.3. This was knowi to be incorrect. At 

the time this was thought to be due to the fact that the nodes were 

connected to elements of different material properties. On the boundary 

where two elements of different properties are joined, the stress shc^Hi 

be continuous across the boundary, while the strain should c-e contiruone 

paiallel to the boundary. Later findings indicoted that tho -"..pe of 

element %as probably at fault, but this was not suspected at the time. 
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When the centroid. stresses of the elements immediately above the 

'Tall-beam interface were calculated., the wave effect was not apparent. 

The centroid stresses were thus thought to be a suitable reference 

for the stresses on which the separation cracking could be baced. 

The separation crack was formed automa,tica,lly by firr;t anal./sin^ 

the structure with all nodes connected, and then starting from the 

centre of the beam, the elements above the beam were checked for vertical 

tensile stress. If a tension element was found, the node pair towards 

the centre of the beam were disconnected. This was continued until a 

compression element was found. The analysis and separation was repeated 

until no further elements became tensile. It was found to be necessary 

to check only the elements still connected, because the elemeyits where 

separation had already occurred often changed to slight compression. 

Using the program in this fonn, about thirty analyses were under-

taken in which the parameters affecting the basic wall on beam problem 

were studied. Also several analyses were completed which reprodiiced 

the tests conducted at the Building Research Establishment and at the 

University of Southampton. These tests are described in Chapter 5. 

It was found that the results from some of these analyses were 

dependent on the element grid adopted. This was due to the fact that 

the stresses change veiTy rapidly close to the wall-beam interface as 

shown in Fig. 4.4. The length of separation in the analyses could be 

affected by both the vertical and horizontal distance of tri& elerent 

centroids from the wall-beam interface nodes. Also, becaurji-:! v/all 

stresses vary vei-y rapidly near the support, the centrcid ctress of 

the wall element closest to the support did not give a good in'iicatior. 

of the peak wall stress. 

Several different quadratic and cubic interpolaticn az_'] ̂ ztra-
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polation functions were introduced, into the program to try to solve the 

problem. The method, which gave the most consistent results for differ-

ent grids was based, on a cubic function. The cubic function was first 

used, to extrapolate the vertical stresses from the first fô jr elements 

above the beam d.own to the wall-beam interface. This gave the vertical 

stress values on the wall-beam interface, centrally between the nodes. 

A cubic interpolation function was then used, on these valuer to estimate 

the vertical stresses at the nod.e8. Separation of a node was undertaken 

when either the estimated, nodal vertical stress or the central vertical 

stress on the support sid.e of the node was in tension. 

Althou^ this method of separation may appear rather approximate, 

the results obtained, were very consistent with different element grids. 

So as to obtain a peak wall stress estimate, the cubic extrapolation 

function was used, to calculate the stress at the wall-beam interface 

node immed.iately above the support. Another estimate of the peak wall 

stress was obtained, by using quadratic functions in a similar manner to 

the cubic functioi &r. 

At this stage a further ten parameter stud.y analyses were c.on-

d.ucted.. Some of these analyses were on structureyj with beams of high 

flexural stiffness. The results from these analyses again indicated 

a wave effect on the vertical stzress distribution of the type sriown 

in Fig. 4.3. The deflection curves of the beams also appeared to ce 

improbable as shown in Fig. 4.5. The reason for these results was 

traced, to the type of finite element being used.. One disad.vantage of 

Lau's ]?ectangular finite element is that the shear stress is constant 

over the whole element. In the basic rectangular element, the shear 

stresH varies linearly over the element. In most problems, the constant 

shear stress characteristic caused, no obvious errors, but 

in the analyses where the beams had. high flexural stiffnezc, the — 
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shear stress failed, to represent accurately the stresses close to the 

support. On further consideration, it was realised that the vertical 

stress wave effect, noticed when using nodal stresses, was al$:o likely 

to have been caused by the shear stress characteristic of tl-̂  finite 

element. 

Due to the above problems, it was decided to revert back to the 

basic rectangular finite element . This was relatively simple, requir-

ing only changes in the element stiffness and stress matrices. It was 

decid.ed to continue using centroid stresses, because there was still 

doubt about the accuracy of averaging nodal stresses on the wall-beam 

boundary. Also the cubic functions appeared to give a good estimate 

of the peak wall stress. This estimate was likely to be better than 

that obtained using nodal stress, because the stress along the boundary 

of the element was represented by a linear function. 

With the program in this form, approximately twenty parameter study 

problems were analysed. These analyses were mainly repeats of arialyses 

undertaken using the other finite element, less analyses were required, 

because information was already available on which problems to study 

and which element grids to use. 

Two final modifications were made to the program. In the first, 

the program was altered so that it could analyse structures of the t)-pe 

shown in Fig. 4.6, and in the second, the program was modified so that 

the moments and tie forces along the length of the beam could be auto-

matically calculated, and printed, out. 
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4.3 Comparison of present analysis method, with earlier analyses. 

4.3.Earlier methods of analysis 

Eosenhaupt^ Coiill̂ , Colboiime^ and Green^^'^^ all attempted to 

analyse wall on beam structures using methods described in Crapter 2. 

Rosenhaupt used the Airy stress function and solved the resulting 

differential equations by the method of finite diffeirences. He 

simplified the problem by assuming that the bending stiffness of the 

beam was negligible compared with that of the wall. Unfortunately this 

has the effect of eliminating the normal stress between the wall and 

beam, which results in the entire load being transferred through the 

bottom comers of the wall. Rosenhaupt's finite difference solution 

for the stress at the wall comers was thus dependent on the mesh size, 

since an exact solution would produce singularities at these comer 

points. For this reason, no comparison is given here between Roser-

haupt's method of analysis and the present method. 

Coull used the method of Eanotorvich to minimise the energy of 

the system and thus obtain a solution to the problem. The stresses in 

the wall were expressed as a power series in the horizontal direction 

with the coefficients being functions of the height only. Cclboume 

used finite differences and Green used finite elements to obtain their 

solutions. In all of these solutions no separation was allowed on the 

wall-beam interface. 

4.3.2 Comparison of results 

The same problem had been analysed by Coull, Colboume and Green. 

It was thus convenient to analyse this problem using the prer;ent compu-

ter program in order to get a comparison between the various solutions. 

The final version of the program was used in this compar' son analysis 
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i.e. the Fortran program with the normal z-ectangular finite eley.fcJ:. 

The dimensionB of the stmotiire analysed, were; wall hoi^^ht 7^ in. ; 

wall breadth 108 in.; wall thickness 4.5 in.; beam depth 8.592 in.; 

beam width in. The ratio of the modulus of elasticitjy of the beam 

to that of the wall was taken as 30. A vertical compressive stress 

of 1 lb/in . was applied at the top of the wall. In the previous 

analyses the wall was split into 6 in. square elements. The same mesh 

was adopted for the present analysis except that the top row of elements 

was made 12 in. high so that the computer store requirement, was reduced. 

Two rows of elements were taken in the beam. The mesh is shown in 

Fig. 4.7. 

A comparison between the various solutions is shown in Pigs. 4.8, 

4.9 and 4.10. The ]?esuits from Coull's, Colboume's and Green's 

analyses were originally plotted by Green. The results fi-om the present 

analyses were plotted from the no separation analysis since these results 

were comparable with the earlier analyses. For the stress distribution 

on the wall-beam interface, the extrapolated stress results were used. 

Coull's results differ considerably from all the other results in 

the region close to the wall-beam interface. In deriving his solution, 

Coull only took the first two teims of the power series assumed for 

the vertical stress distribution, and as a result restricted the stress 

distribution curve to that of a parabola. Unfortunately, as can be 

seen in Fig. 4'8, the true stress distribution is not paraboloidal and 

this accounts for the differences. 

Figs. 4.8y 4.9 aj:id 4.^0 indicate excellent agreement between the 

present analysis and Colboume's and Green's analyses. As well as to 

some extent verifying the present finite element program, the results 

also indicate that the cubic extrapolation functions operate reasonably 

accurately. This is important because the separation crack is forzed 

using these results. 
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4.4 Parameter study of the basic wall on beam structure 

4.4.1 Introduction 

A series of finite element analyses weize undertaken to investigate 

the parameters controlling the behaviour of the basic wall on beam 

structure. The basic structure was taken as that of the wall being of 

tho same length as the span of the beam with the beam being supported 

vertically without rotational restraint at each end. The loading was 

taken as vertical uniformly districted loading at the top of the wall. 

This was the structure and loading assumed when developing the approx-

imate design method described in Chapter 3. Although this representation 

of wall on beam structures may seem ext]?emely simplified, the results 

for the peak wall stress, the peak beam sagging moment, tie force and 

deflection are conservative when compared with results obtained when 

the beam is built in, or the wall ezrtends past the end of the span. 

The results of analyses of such structures are shown in Section 4.5 and. 

indicate that the number of parameters controlling their behaviour 

becomes so great that no precise design recommendations can be given. 

In this section, four parameters are considered to be possibly 

affecting the behaviour of the basic wall on beam structure. These are; 

the relative stiffness parameter E, the ratio of the elastic modulus 

of the beam to the wall, the relative heig)it of the wall and the 

Poisson's ratios of the wall and beam. 

4.4.2 Information gained from analyses using the Lau type finite element 

As stated in Section 4.2.3, a considerably number of ana]Yses of 

the basic wall on beam problem were undertaken using the version of the 

Fortran computer program that included the finite element floveloped by 

Lau. Although these results were not considered reliable er.ĉ jgk to be 
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used. guantlkativBly, they could be used to indicate the main parameters 

affecting the behaviour. 

All the ajialyses had a beam span of 10 m, a wall and beam thickness 

of 100 m.m. and the wall was taken to be homogeneous with a modulus of 

2 

elasticity of 10 EN/mm . A unifoimly distributed load of 1000 EN was 

applied at the top of the wall. In the analyses the ratio between the 

beac and the wall modulus of elasticity was varied between 1 and 20. 

The beam depth was varied to give a range of K values between 5 and 30. 

Pour analyses were undertaken to establish the importance of the 

values taJcen for the Poisson's ratios of the wall and beam. Varying 

the Poisson's ratio between 0 and 0.25 was found to have little effect 

on the wall and beam stresses as can be seen in Table 4.1. Since the 

value of the Poisson's ratio was of little importance, a value of 0.1$ 

was taken for both the wall and beam in all the future analyses. A 

Poisson's ratio value of 0.15, represents a typical value for brickwork 

and concrete. 

In developing the approximate design method described in Chapter 

3, the assumption was made that for wall heights greater than 0.6 x beam 

span, the structural behaviour was independent of wall height. Three 

analyses were undertaken with wall heights of 7 m, 10 m and 15 m and the 

results are also shown in Table 4.1. Again only small differences 

between the wall and beam stresses were revealed in the three analyses. 

The structural behaviour was thus considered to be independent of the 

wall height when this was greater than 0.6 x beam spaa:. A wall height 

of 10 m was taken in all the later analyses. 

Various finite element grids were tried before suitable grids were 

found. The grids had to give sufficiently accurate results, whilet 

being reasonably economical on computer time and store requirement. It 
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K 
E Notes 

Estimated 
peak wall 
stre 88 

xlO ^KN/mm^ 

Beam stresses at centre of span 
K 

E Notes 
Estimated 
peak wall 
stre 88 

xlO ^KN/mm^ 
Bottcm of 
beam 
x10-%T/mm^ 

Top of 
beam ^ _ 
X 10"^!/mm 

15 4 
^wall = 0 . 1 5 

^beam = 
-19.6 8 . 6 2 2 .94 

15 4 
^wall " 

^bea. = 
-19.7 8 . 5 9 2.96 

30 4 
^wall " 

^beam = °'''5 
- 3 8 . 9 9 . 7 6 7 .76 

30 4 
%all = 

'̂ beam " 
- 3 9 . 4 9.76 7 .75 

15 4 Wall height = 7 m -19.6 8 . 6 8 3 .03 

15 4 Wall height = 10 m -19.6 8 . 6 2 2.94 

15 4 Wall height = 15 m -19.6 8 . 6 2 2.94 

5 4 2 rows of elements 
in beam 

- 6 . 9 0 4.12 - 1 . 0 4 

5 

5 

5 

4 4 rows of elements 
in beam 

- 7 .00 4.10 - 1 . 0 6 5 

5 

5 

1 2 rows of elements 
in beam 

- 3 .70 2 .06 - 0 . 3 5 

5 

5 

5 1 4 rows of elements 
in beam 

- 3 .82 2 .07 - 0 . 3 8 

Table 4.I Finite element results for the basic wall on beam 

stiructure with the lau type element. 
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was foimd. to be perfectly adequate to have two rows of elements in the 

beams. Analyses undertaken with four rows of elements in the beam 

but with otherwise the same grid showed only marginal changes in wall 

and beam stress as shown in Table 4.1. In order to get accurate wall-

beam interface stresses, the centroids of the elements above the 

interface had to be close to the interface. Also in order to estimate 

the end of the separation crack and the peak wall stresses accurately, 

the horizontal nodal spacing needed to be short in the support region. 

The grids finally adopted for most of the analyses had 1^6 elements 

with 12 elements across the half span. One of the grids finally adopted 

is shown in Fig. 4.11. It can be observed that some of the elements 

in the grid shown in Fig. 4.11 far from squaiTe, which is not 

normally recommended when using rectangular finite elements. No obvious 

errors due to element shape were shown up when analyses with finer 

grids and squarer elements were undertaken for comparison purposes. 

The lack of significant errors is probably due to the fact that the 

elements with the highest length to breadth ratios were generally in 

areas of low stress gradient with the major principal stress running 

approximately parallel to the longest side. 

4.4.3 Analyses of basic wall on beam structures using the final 

version of the computer program 

Using the final version of the computer program, whic! included 

the normal four node rectangular element, a series of analyses were 

undertaken to study the behaviour of the basic wall on beam problem 

in relation to the two main controlling parameters, K and E/E . The 

earlier analyses had indicated that although the main controlling 

parameter was the K value of the system, which represented the relative 
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stiffness of the wall to the beam, the ratio of the modulus of 

elasticity of the wall to the beam was also important. Thic: modulus 

of elasticity ratio was important because for the same K value, the 

axial stiffness of the beam was varied by the modulus of elasticity-

ratio, which in turn affected the tie action of the beam. 

The dimensions of the stmictures considered were: wall height 

and span 10 m, and wall and beam thickness 0.1 m. The wall had a 

modulu-S of elasticity of 10 EN/mm^ and both wall and beam had Poisson's 

ratios of O.I5. The depth of the beam and its modulus of elasticity 

were varied to give the desired values of K and E/E . A uniformly 

distributed load of 1000 KN was applied at the top of the wall. 

In the design method, described in Chapter 3, the bare steel beam 

depth was restricted to 1/25. Trial calculations on various spans 

indicated that this restriction limited the K value to below 15- The 

K value for reinforced concrete beam systems would also be unlikely 

to exceed 15 because here again some minimum beam size restriction 

would be required to prevent excessive self weight deflection. The 

analyses were thus conducted for a range of E values between 2.5 and 

15 in steps of 2.5. The E value of 2.5 represented extremely stiff 

beams and it was considered unlikely that anything stiffer would 

ever be used. 

Two modulus of elasticity ratios were consideired, of 4 sind 30 

for the whole range of the six E values. For three of the K values, 

additional analyses were conducted with modulus of elasticity ratios 

of 1 and 20. 

From the analysis for E = 5 and = 4, the compressive principal 

stress results, after separation, were plotted over the area of the 

wall as a propoi-tion of the applied vertical stress as ^omi in Fig. 4.12. 
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The stress pattern clearly indicates the basic wall on beam behaviour 

with the wall arching between the supports and stress concentrations 

forming in the wall comers. 

The work on the design method described in Chapter 3 had indicated 

that the main information required from the analyses was the peak 

compressive wall stress, the peak beam moment and tie force, and the 

central beam deflection. The peak tie force and moment were calculated 

in non dimensional form. For the tie force, the value k^ was calculated 

where the tie force T = W^k^, and for the moment, the -value k^ was 

calculated, where the moment M = W L/k^. The peak wall stiress was 

calculated in terms of stress concentration compared with the average 

applied stress at the top of the wall. 

The results from the analyses before and after separation are 

shown in Tables 4.^ and 4.3. It will be seen that the effects of 

separation become more noticeable as the E value increases as might be 

e]q)ected. The separation effects also incirease as the E/E ratio 

reduces for any E value. A reduction in the E/E ratio produces a 

reduction in the axial stiffness of the beam if the E value azid thus 

the fleiural stiffness is kept constant. The main effect of separation 

is to incî ease the peak wall stress and beam deflection. The maximum 

beam moment, which is generally located close to the supports, is 

reduced slightly by separation, while the centre span beam moment is 

considerably increased by .separation. The maximum tie force, which is 

normally located close to the centre of span, is also usually reduced 

slightly by separation. 

The main effect of increasing the E value is to increase the peak 

wall stress and deflection, whilst reducing the beam moments. The beam 

tie force tends to increase rapidly until full arching action occurs at 
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K 
E 

\ 

Peak wall 
stress 
concentration 

^1 
(Tie force 

^2 
(Moment 
= WfL/kg) 

.... 

Central beam 
deflection 

m.m. 

2.5 4 2.56 7.47 15.5 0.75 

2.5 30 3.74 7.42 14.6 0.37 

5 1 3.68 4.24 36.8 3.12 

5 4 6.92 3.75 50.4 1.54 

5 20 9.48 3.57 49.1 1.20 

5 30 9.79 3.59 47.7 1.18 

7.5 4 11.00 3.92 91.4 2.01 

7.5 30 15.32 3.42 92 .0 1.58 

10 1 9.16 5.30 92 .0 4.06 

10 4 15.43 4.26 123.2 2.31 

10 20 20.29 3.59 106.7 1.83 

10 30 20.78 3.50 103.1 1.79 

12 .5 4 20.22 4.57 171.0 2.57 

12.5 30 27.30 3.63 148.7 2.01 

15 1 15.46 5.21 164.3 4.58 

15 4 25.43 4.33 227.2 2.80 

15 20 33.01 3.94 223.4 2.27 

15 30 33.73 3.76 217.5 2.21 

Table 4.2 Wall on beam results before separation 
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K 
E 

E 
w 

Peak wall 
stress 
concentr a t i on 

^ 1 

(Tie force 
^ 2 

(Moment 
= W ^ L / k g ) 

Central 
deflection 

m.m. 

2 . 5 4 2 . 5 6 7 . 4 7 1 5 . 5 0 . 7 5 

2 . 5 3 0 3 . 7 4 7 . 4 2 1 4 . 6 0 . 3 7 

5 1 3 . 7 0 4 . 3 9 3 7 . 0 3 . 1 4 

5 4 6 . 9 0 3 . 9 5 5 0 . 5 1 . 5 6 

5 2 0 9 . 5 5 3 . 8 2 5 0 . 0 1 . 2 3 

5 3 0 9 . 8 6 3 . 8 5 4 8 . 4 1 . 2 0 

7 . 5 4 1 1 . 5 2 3 . 9 9 9 8 . 4 2 . 4 1 

7 . 5 3 0 1 6 . 3 1 . 3 . 8 3 1 0 8 . 6 1 . 9 1 

10 1 1 0 . 9 8 5 . 1 6 1 0 3 . 9 5 . 9 8 

1 0 4 1 6 . 8 9 4 . 3 1 1 4 2 . 4 3 . 4 4 

1 0 2 0 2 1 . 4 1 3 . 8 3 1 ^ ^ 3 2 . 5 8 

1 0 3 0 2 1 . 8 6 3 . 8 4 1 1 8 . 6 2 . 4 5 

1 2 . 5 4 2 2 . 0 7 4 . 4 4 1 9 5 . 7 4 . 3 2 

1 2 . 5 3 0 2 8 . 1 8 3 . 8 9 1 7 0 . 0 2 . 7 7 

15 1 2 0 . 9 0 5 . 8 0 1 9 3 . 7 9 . 5 4 

15 4 2 8 . 5 2 4 . 6 5 2 6 4 . 5 5 . 1 2 

15 2 0 3 4 . 4 6 3 . 9 6 2 5 0 . 8 3 . 3 4 

1 5 3 0 3 4 . 9 2 3 . 9 1 2 3 8 . 9 3 . 0 5 

Tabk4.3 Wall on beam results after separation 
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about E = 5. For higher E values the tie force reduces slightly as 

the axial stiffness of the beam reduces and allows the arch to spread, 

fuirkher. 

The effect of increasing the B/E ratio, and thus the beam axial 

stiffness, for a constant E value, is to reduce the spread of the wall 

arch. This is shown by increases in the peak wall stress and beam tie 

force and reductions in the beam moments and deflection. 

In Fig. 4" 13 the moment values are plotted against E as a fraction 

of a uniformly distributed load moment W^/8 and the tie force values 

are plotted as a fraction of the applied load 1^. In Fig. 4.14 the 

wall stress concentration factor values ai?e plotted on a log graph 

against a relative stiffness factor E^tl^/EI or E^. In Fig. 4.15, the 

beam moment factor kg values are plotted on a log graph againut K^. 

Since separation may not always fully occur in practice, due to 

possible joint tensile strength, the most conservative values were 

taken from the before and after separation values when constiructing 

Figs. 4.13 to 4.15. For the peak wall stress, the after separation 

values were more conservative and for the beam tie force emd moment, 

the before separation values were usually more conservative. 

The tie force results shown in Fig. 4.13 indicate thai once the 

composite action has became fully active at about E = 5, the tie force 

remains reasonably steady for higher E values. Sli^tly higher tie 

forces resulted from the analyses with the hi^er ratio, as 

might have been expected since the beams in these analyses had a higher 

axial stiffness. 

The tie force assumed in the design method of W^4.4 is apprec-

iably less than the analyses peak value of W^3.4. In Section 3.4.4 of 

the third version of the design method, it was found that boundary 
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shear could, be ignored, if the beam was encased. This is still true 

with, a tie force of because the available shear strerifjrkh i:: 

still, from Eq. 3.52 

W E ' 

= ^bs + T F . . . 4.3 

while the new peak shear stress is given by 

T = 0.59 . . . 4.4 

Thus the analyses results do nob affect the design method as 

regard, to shear stress considerations. In any further work it would 

be conservative to assume a tie force value of W^3.4. 

It can be seen from Figs. 4.13 and 4.15 that the design method 

estimate of beam moment is very conservative compared witli the analyse: 

moments. In the design method., however, no allowance is made for the 

tie force in the beam and the increase in stress due to this force has 

to be covered by the design moment stress. For a range of typical 

steel beam sections, calculations were "undertaken to determine the 

percentage increase in stress that occurs in the beam, whei the tie 

force is add.ed to the analyses moments. It was found that this per-

centage value increased with K, so that for a K value of 15, the 

increase was in the ord.er of 50^. The summed stresses were, however, 

still very conservative compared with the design moment stresses over 

the whole range of E values considered. Althoiigh it would have been 

possible to reduce the moment used in the design method, thic was not 

considered worthwhile for the following reasons 

(l) The W^/4K design moment was already very economical compared 

wi kh a unifoirmly disbribubed load, moimmt, e.g. for K == 10, the design 

method moment is only 20^ of the uniformly districted load moment. 
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(2) When including beam level loading in the final version,of the 

design method, it was assumed that the the design method moment, due to 

wall loading, was conservative enough to absorb the increase in moment 

that resulted when the beam was stiffened to account for beam level 

loading. If the design moment was reduced, so that the design stresses 

matched the analyses stresses, the above assumption would be unsafe and 

some method of inclu.ding the increase in moment woiild be needed. 

(3) In many cases, the wall stress or the minimum beam depth restriction 

is the limiting factor in the design method, and in these cases, a 

reduction in the design moment due to wall loading would produce 

no economy. 

If the peak beam moment alone is required, it can be seen from 

Figs. 4."13 ajid 4.15 that a conservative estimate of this ia given by 

W^/4 (E^tL^/EI 

The wall stress concentration results are shown in Fig. 4.14. 

It will be seen that the analyses results are usually higher than the 

assumed design method values. The hi^est wall stresses were given 

by the analyses with E/E^ = 30. The equation best representing these 

results is: 

while the design method values are given by; 

Stress concentration = 1.33(E tL^/Bl)^^ . . . 4.6 

Stress concentration = 1.63(E^tL /El)* 

w 

Although the design could fairly easily have been altered to 

account for higher stress concentrations, this was not undertaken for 

the two following reasons; 

(1) The design method values for stress concentration were taken from 

results of full size and model tests and were considered already/' con-
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servative. The difference between the test and analytical resiHts wag 

tho'î ght to be due to the fact that compressive failure only occctrred 

in the tests when the stress reached the compressiye stren^h over a 

finite area, while in the analytical results, the stress ir: Galc-tlatec 

at one extremely localised point. 

(2) In practice, the wall is often continuous over khe sappork and 

the beam usually has some rotational restraint, and both oT bheze 

factors tend to reduce the peak wall stresses. 

4.4.4 Conclusions 

The main conclusion from this section can be summarized as 

follows:-

(1) Although the analyses results differed to some extent from the 

assumed design method values, none of the differences require any 

change in the design method. 

(2) From the analyses results of the basic problem, the following 

factors can be estimated conseirvatively as 

Tie force = wy3.4 . . . 4.7 

Beam moment = W^L/4(B tL-^/El)"* . . . 4.8 

Wall stress concentration = 1.63(E tl 4.9 
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4.5 Analysig of other wall on beam problems 

4.5.1 Introduction 

The parameter study of Section 4.4 was concerned witl-i khe moot 

basic wall on beam structure. This structure being a wall supported 

by a beam of the same length as the wall, with the beam beinff simply 

supported at its ends. In practice this situation will not often 

exist. The beam will usually have some rotational restraint at its 

supports due to either inbuilding into a wall or being connected with 

full or partial rigidity to supporting columns. In some cases the 

wall will be continuous over the mipport. The number of parameters 

controlling the behaviour of the structure under these conditions is 

high. The parameters which control the rotational restraint of the 

beam are: if the beam is inbuilt, the length of inbuilding and the 

height, properties and horizontal restraint of the ivall belô v the 

support; if the beam is connected to columns, the rigidity of fixing 

and the properties and length of the columns. Other parameters affect-

ing the structural behaviour include the length of the wall beyond the 

support and the height of the wall. 

A comprehensive study of all of these parameters was outside the 

scope of this work. Instead, selected analyses were undertaken, 

varying some of the parameters, so that a qualitative, rath.r than 

quantitative understanding of the behaviour of these structures: in 

relation to these parameters could be obtained. 

4.5.2 Analyses and results 

Fifteen analyses were undertaken in this part of the studj/. The 

results from the analyses are shown in Table 4.4. The notation for 

dimensions used in the analyses is shorn: in Fig. 4.16. In all of the 
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analyses the structures had a K value of 15 and an E/E^ ratio of 4. 

Analyses 1 and 2 were of the basic wall on beam structure with tho two 

wall heights used in the other analyses. Analyses j,4, ^ 

a similar structure to the analysis 2 structure, except that differing 

lengths of vertical restraint were applied at the beam support. 

Analyses 6 to 11 were of structures with the wall extending past the 

support for differing lengths and with differing lengths of vertical 

restraint applied at the beam support. Finally analyses 13, 14 and 15 

were of the most complicated structure with the wall extending both 

past the supports and down below the support. 

In none of the analyses did any separation occur between the wall 

and beam, except in the two basic wall on beam structures (analyses 

1 and 2 ) . Comparing the analyses 3 to I5 results with the ba^ic wall 

on beam analyses 1 and 2, some general trends are indicated. In all 

the analyses there is a reduction in peak wall stress concentrations 

and central beam deflections. There is also a :reduction in the peak 

tie force with it always occurring at the centre of the span. In all 

of these analyses a hogging moment develops in the bean. The peak 

hogging moment exceeds the peak sagging moment, but this hoygi^g zcne^t 

is less than the sagging moment developed in the basic wall on ceac 

structure. These peak moments develop in the bsams at positions close 

to the support. These results indicate that a basic wall on beam 

analysis will give conservative results for these other structures, 

provided that an allowance is made for the hogging moment khat is 

likely to develop close to the supports. 

Fig. 4.17 shows the vertical stress in the wall above the beac 

for analyses 3, 4 and 5. In these analyses, the wall and bea^ were of 

tha same length and the length of the support vertical restral^^ was 



90 

Analysis 3 

Analysis 4 

Analysis 5 

clear span 

Distance in metres 
Fig, 4.17 7ERTI3A1 STRESS DISTRIBUTION OB WALL BEAM INTERFACE 

o 
'H 

4:) 
Pi 
Q) 

i 
O 
[Q 
CQ 

[Q 
r-l 
S 
"H 
-H 

Analysis 6 

Analysis 7 

Analysis 8 

# * 

clear scan 

:tan3e in ^6tre: 

Fig. 4.18 VERTIGAl STRESS DISTRIBUTION ON WALL BE&M 



91 

varied.. The stress distribution, a w ^ from the supports is seen to be 

virtually unaltered by the restraint length changes, whilr;t in the 

support region considerable changes occur. The changes between the 0.25 

and 0.5 m restraint analyses being greater than those between the 0.^ 

and 0.75 m restraint length analyses. The peak wall stress reduces 

with increasing beam rotational restraint, but the rate of reduction 

is less for the higher restraint lengths. Other behaviour trends are 

indicated by the results given in Table 4"4' The central beam deflec-

tion is reduced with increasing restraint length. The deflection for 

the smallest restraint length being less than half that of the basic 

wall on beam structure. The reduction in deflection for higher 

restraint lengths is relatively small and is seen to reduce further as 

the restraint length increases. The peak tie forces are virtually 

unchanged with increasing restraint length, although they are slightly-

less than the tie force in the basic wall on beam structure. The 

hogging moments in the beams increase slightly with increasing support 

resti^nt length, whilst the sagging moments reduce. The greatest 

hogging moment is however well below the peak sagging moment in the 

basic wall on beam structure. 

Fig. 4.18 shows the vertical stresses in the walls at the wall-beam 

interface for analyses 6, 7 and 8. In these analyses the wall was 

e^ctended 10 m. past the end of the span and the length of the vertical 

restraint at the beam support was again varied. The stress distribu-

tions for these analyses are very similar with the peak vertical stress 

at the edge of the span reducing only slightly with inci?easi"ig restrali:it 

length. The peak stresses for these analyses are less than those for 

the corresponding analyses 3, 4 sund 5 which were without the wall 

extension. Other behaviour trends are indicated by the re stilts in 

Table 4.4. The central beam deflection, the peak beazi tie force and 
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the peak sagging moment all reduce very slightly with increasing 

restraint length and. are all less than the values given by analyses 

3,4 and. 5. The peak hogging moment also reduces with increasing 

restraint length which is opposite to the trend of the rec-J ts from 

analyses 3, 4 and 5. The peak hogging moments are less than the 

analyses 3, 4 ajid $ values. 

In analyses 7, 9, 10 and 11 the wall extension length wac: varied 

whilst the length of vertical restraint at the beam support was kept 

constant. Again the results in Tahle 4.4 indicate some definite 

trends. For reducing wall extension length, the wall peak stress and 

the beam central deflection, peak tie force, peak sagging moment and 

peak hogging moment all increase. Analysis 12 was a repeat of analysis 

10 with horizontal restraints applied at the beam support: a.ii alonj the 

length of the wall extension. All of the above factors were reduced, 

except for the peak hogging moment which was noticeably increased. 

As expected the reduction in the beam tie force was considerable. 

The final three analyses (13,14 and 1$) were on stiructures which 

took the form shown in Fig. 4.16. Problems with restraint application 

were experienced. In analysis 1$, where only vertical restraints were 

applied at the base of the wall, the wall below beam level tended to 

act in bending, and this was tho-ught to be unrealistic. In analyses 

13 and 14, additional horizontal restraints were applied t: the case 

and side of the oyall as shown in Table 4.4. This level of resirain": 

must be considered rather higher than would normally exist ir_ practice. 

However one trend is clearly indicated by the results from analyzes 

13 and 14, and this is a reduction in all the previously certionei 

factors with an increase in wall height. 
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4.5.3 Concltisions 

The main concltisions from this Bection can he sumnari^od as 

follo'/fs: -

(1) A wall on beam struct-ure with beam rotational restraint â ir] %vith 

the wall continuous over the supports can be designed, conservatively 

using the results from the basic wall on beam structure anal;/r;6::, 

provided, an allowance is made for hogging as well as sagging momenta. 

The peak hogging moment, which occurs close to the supports, can be 

taken conservatively as equal to the peak sagging moment found in the 

basic structure analyses. 

(2) The height of the wall becomes an important behaviour parameter 

when the wall is continuous past the support. The percentage of load 

arching directly into the wall extensions is related to the .vail 

height and the wall horizontal extension length as well as other 

parameters. 
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Conclusions 

The main conclusions from this chapter may be summarized as 

follows:-

(1) The computer programs developed mill give a reasonable indication 

of the elastic behaviour of walls on beams, even after any wall-beam 

separation cracking. 

(2) Although the basic wall on beam analyses results differed to 

extent from the assumed design method values, none oT these differences 

require any change in the design method. 

(3 ) The design method will give conservative results for wall on beam 

structures where there is some beam rotational :restraint and the wall 

is continuous past the supports. 

(4) A far more extensive study of the behaviour of wall on beam 

structures with beam rotational restraint and wall extensions past 

and below the supports would be required before moce accurate design 

recommendations could be given. 
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CBAPTEE 5 

WALLS ON BEAMS: EXPERIMENTAL TESTING 

5.1 Introduction 

Four separate sets of tests are described in this chapLer. 

The first set of tests were model tests of plaster wall% on uteel 

beams. The results from these first tests provid^^ data for bhe 

development of the approximate design method described in Chapter 3. 

"The second set of tests were again on models. These consisted 

of araldite walls on steel beams. The results of these tests were 

compared with results obtained from the finite element computer program, 

so that the accuracy of the computer analyses results could be estab-

lished. 

Two further sets of tests are described briefly. The first of 

these were conducted at the Building Research Establishment on full 

scale masonry walls supported by encased steel beams. Thg final tests 

were conducted at tha University of Southampton on small masonry walls 

supported by reinforced concrete beams. 
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5.2 Plaster wall on steel beam model tests 

5.2.1 Model and apparatus description 

The walls in the models were of height 300 mm, width mm.and 

were cast from dental plaster. This material was chosen hooause it 

could be cast easily and its material properties became stable within 

one week of casting. It was also known to be :reasonably linear 

elastic at low strains. 

The beams in the models were rectangular mild steel bars machined 

to the correct dimensions. The wall and beam widths were both 25 mm. 

Three beam depths of 18 mm, 12 m^and 6 mm. were taken. These were 

calculated to give K values as defined In ̂ Eq. 3.2 of approximately 10, 

15 and 25. 

The walls were cast directly onto the beams so that initial fit 

problems would be avoided. At first they were cast vertically between 

glass sheets. Unfortunately, however, the plaster tended to expand 

on setting and this broke some of the glass sheets. In the final tests 

the walls were cast horizontally on a single glass sheet. For each 

canting, cylinder samples were also produced. These had a cross-

sectional area of 2 square inches and a height of 3 inches. Tke- were 

used to establish the modulus of elasticity and crushing strength of 

the plaster. 

It was expected that a separation crack would develop on the wall-

beam interface when the models were tested. It was important to measure 

the length of this crack as accurately as possible so that the length 

of contact could be found. The first method used to indicate 

of the crack was to paint a layer of a brittle varnish over the joint. 

This proved to be too strong and failed to crack along the full length 
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of the separation crack. The method, finally adopted was to paint a 

layer of very weak plaster along the interface. This gave a clearly 

discernible crack when observed through a magnifying glass. 

The models were tested in a reaction frame. Because of the span, 

of the model, it was necessary to test it out of the plane of the 

reaction frame. A strong solid steel beam was placed across the 

reaction frame at the bottom and the model was supported on rollers 

on this beam. A diagrammatic representation of the testing arrangement 

is shown in Fig. 5.1. The loading was applied by means of a 10,000 lb 

mechanical jack through a load cell to a hydraulic load spreader. The 

load cell was connected to a pen recorder so that a continuous record 

of the applied load was obtained. Originally it had been the intention 

to use strain gauges in the wall comers to measure the stress concen-

tration. In the event it proved to be impossible to attach them 

securely to the slightly damp and powdery surface of the plaster walls. 

For this reason, four Suggenburger tensometers were used to measure 

the vertical strain in the wall corners above the supports. They were 

set with a gauge length of half an inch. 

5.2.2 Test procedure 

After two trial tests, four final tests were conducted. One with 

a beam depth of 18 mm., two with a beam depth of 12 mm. and one with a 

beam depth of 6 mm. 

Each model was subjected to two loadings before finally being 

loaded to failure. Loading increments of 1 KN were taken. The first 

loading was taken to 10 Of, while the second was taken to a higher 

value, depending on the beam depth. 

As well as the four tensometer readings, the central beam deflec-

tion was also recorded by means of a dial gauge for each load increment. 
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nnfortunately these deflection figures had to be disregarded because 

it was later discovered that the main support beam was deflecting 

considerably more than the model beam and this deflection was included 

in the dial gauge readings. Averaged tensometer readings for the final 

test are shown in Fig. 5.2. Using the plaster modulus of elasticity, 

the vertical stress can be calculated directly since virtually no 

horizontal stress occurs in the comer regions. 

When loaded to failure, the failure mechanism was always that of 

crushing in one of the wall comers above the support. As soon as 

crushing occurred, no hi^er load could be carried by the model. This 

was expected because when the corner fails the load is tzransferred 

towards the centre of the span. This results in increased beam bending 

and a corresponding shortening of the length of contact which in turn 

leads to further wall failure. Two failed walls are shown in Plate 5.1 

together with their failed plaster cylinder samples. 

On the same day as each model was tested, the corresponding plaster 

cylinders were also tested in a Dennison testing machine. With two 

tensometers attached to measure veirbical strain, each cylinder was 

subjected to two loadings up to 15 EE in 1 EN increments. The averaged 

tensometer results for the cylinders corresponding to the final test 

are shown in Fig. 5.3. The linear elastic nature of the material is 

clearly demonstrated. From the results, the B value of the plaster 

could easily be calculated. After reimval of the tensometers the 

cylinders were loaded to failure and the failure stress thus calculated. 

5.2.3 Results calculations 

It was thought that the length of contact a was related to the 

parameter K, defined in Eq. 3.2, by a relationship of the t/pe 
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Plate 5.1 Failed plaster model walls and corresponding cylinder samples 
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I, " E . . . D . I 

wheire B is a constant to be determined. 

The valiie of B was assumed initially in developing the approximate 

design method to be equal to 2.22. This value was obtained by con-

sidering the stmctTire as a beam on an elastic foundation. 

Using the plaster model test results it was possible to obtain 

three estimates for B from each test. 

a) from the observed length of contact, using 

B = ^ . . . 5.2 

b) from the calculated peak wall stress f , using 

B = ^ . . . 5.3 
b 

where W is the applied vertical load. 

c) from the wall crushing load assuming that failure occurred 

when the triangularly distributed compressive stress distribution 

reached the compressive strength of the plaster f . 

^bu 

It is suspected that the calculations based on Eq. 5.2 overestimate 

the true value of B because of the difficulty of observing the full 

length of the separation crack. Eqs. 5.3 and 5«4 expected to 

underestimate B because the peak wall stress is higher than that given 

by a triafigular stress distribution ao shown in Fig. 3.1(b). 
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Table 5.1 shows the values of B as derived from these model test 

results by the above three methods. The disparity between these 

results and the assumed B value of 2.22 is considerable. The beam on 

elastic foundation theory assumed that the slope at the supports was 

zero. In the present tests, however, there is no rotational restraint 

at the supports and thus some beam rotation will occur. This has the 

effect of reducing the length of contact and thus the B value. 

Dhfortunately none of these test results could be u.sed to give 

accurate verification of the finite element program. The test deflec-

tion results had had to be disregarded as explained previously. The 

separation crack was only approximately represented in the computer 

program and depended to some extent on the nodal spacing. The tenso-

meter readings gave an average of the strain over a small length in 

the very rapidly changing stress field of the wall corners. The 

computer program calculated stresses at precise points in the wall. 

It was not possible to make an accurate estimate of the errors between 

the two. 

In fact analyses were undertaken on four structures that repres-

ented the test structures as closely as possible. The results were 

encouraging with close agreement between the separation crack lengths 

and the wall stresses. 
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Test 
Beam 
d.epth 
mm. 

Plaster mod.ultis 
of elasticity 

KN/imZ 
E 

Estimated. B value 

Test 
Beam 
d.epth 
mm. 

Plaster mod.ultis 
of elasticity 

KN/imZ 
E From 

measured 
contact 
length 

From 
mea soured, 
peak 
stress 

From 
failure 
load 

1 18 16.3 11.2 1.02 0.90 0.78 

2 12 16.1 15.1 1.16 0.77 0.96 

3 6 13.5 24.2 1.21 1.28 1.02 

4 12 13.5 14.4 1.09 0.98 0.90 

Table 5.1 Derived. B values from plaster model tests 
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5.3 Araldite wall on steel beam model tests 

5.3.1 Model and loading apparatus 

The object of these tests was to obtain i-esuits that could be 

compared, with results calculated, using the finite element program, so 

that the accuracy of the finite element program could be checked.. To 

make this comparison, accurate measurements of wall and bean stresses 

as well as beam deflections were required. 

The wall was formed from hot cured araldite CT200. This material 

was chosen because of its good linear elastic properties and long term 

stability. Silica flour was added, to the miz to increase the modulus 

of elasticity of the wall, so that the ratio would be reduced.. 

The araldite miz proportions by weight were 100 parts araldite CT200, 

30 parts hard.ener and 200 parts silicaflour. A 25 mm. thick sheet 

of the araldite was cast vertically in a metal mould and the 450 mm. by 

450 mm. wall was then cut and machined from this sheet. Three 2^ mm. 

by 25 mm. by 100 mm. prism samples were also cut from the slieet. These 

were used to d.etermine the modulus of elasticity and Poisson's ratio of 

the material. The remainder of the sheet was used, for mounting d̂ jmrny 

strain gauges. It was decided, to test the one wall with three 

separate beams. It was considered that the coefficient of friction 

between the wall and beam materials would be sufficiently hi^h so as to 

prevent any slippage on the wall-beam interface. The beams were 

machined from solid mild steel bar. They were 2^ mm. thick and had. 

depths of 40 mm, 15 mm. and 10 mm. which represented K values, as 

defined in Eq. 3.2, of approximately 5, 10 and 15. 

A variable hei^t reaction frame was designed and built to take 

these models. It is shown complete with the model and other equipment 
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in Plate 5.2. The base was designed to be very stiff so that the 

small beam deflections could be measured accurately. A 10,v;0 lb. 

mechanical jack was fitted at the top. Loading was measured by means 

of the proving ring attached below the jack and below the proving ring 

was fitted the hydraulic load spreader used in the plaster model tests. 

To provide lateral stability to the model, adjustable roller bearing 

were fitted and are shown in Plate 5.2. The beam supports shown in 

Fig. 5.4 and Plate 5.2 allowed two dimensional rotation so that no 

support eccentricity could develop. 

5.3.2 to determine the modulus of elasticity and Poisson's ratio 

of the araldite 

Strain gauges of the same type as used on the model were attached 

to the araldite prism samples. On two opposite faces of each sample, 

2 mm. foil strain gauges were attached vertically. On the tw^ other 

faces 5 mm. foil strain rosettes were attached. Pressure sensitive 

strain gauge cement was used for all of the gauges. Two of these prism 

samples are on top of the data logger in Plate 5.2. 

The specimens were loaded in a Dpnnison testing machine up to a 

load of 2000 lb. in 200 lb. increments. Strain readings were recorded 

using a Baldwin box for the vertical 2]mm. gauges. Two of the specimens 

were loaded again and readings were recorded for the horizontal and 

vertical 5 mm. gauges in the rosettes. The results are st^mn in Fig. 

2 

5.6. An average modulus of elasticity value of 11.77 a 

Poisson's ratio value of O.3I4 were calculated from these results. One 

sample was loaded finally up to 8,ODO lb. to inveatigato tho limit of 

the linear elastic behaviour. The results, shown in Fig. 5.v, indicate 

good elastic behaviour for strains well above those experienced in the 

model tests. 
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Plate 5.2 Araldite model testing apparatus Plate 5.3 Araldite wall showing strain gauge positions 
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Towards the end of the testing period, nine months later, two 

specimens were iretested to check the modulus of elasticity valu.e. The 

resultant value was within 1^ of the originally calculated value and 

indicates the high degree of stability of the material. 

5.3.3 Tests to determine the modulus of elasticity of the steel beams 

The 15 mm. beam was used to establish the modulus of elasticity 

of the mild steel. One 2 mm. strain gauge was attached to the top of 

the beam at mid-span and a second at the bottom of the beam. Both were 

positioned to measiire the longitudinal strain in the beam. The beam 

was set on roller supports with a third point loading systez. This 

created a constant beam moment over the middle third of the span. A 

dial gauge was positioned to measure the central beam deflections. The 

beam was loaded to 500 lb. in 100 lb. increments and deflection and 

strain readings were recorded. Again a Baldwin bo% was used to measure 

the strain changes. 

The results from this test are shown in Fig. 5.7. Two separate 

modulus of elasticity estimates could be calculated from the results. 

Hsing the averaged strain readings, the first value was calculated to 

2 
be 209 EN/mm . Using the deflection readings, the E value ITSS calcu-

2 2 
lated to be 204 EN/mm . An average value of 206.5 KN/mm was taken for 

use in the analyses. The Poisson's ratio for the steel was not measured. 

The standard value for steel of 0.25 was assumed in the analyses. 

5.3.4 Initial testinfc 

Initially strain gauges were attached to both sides of the wall in 

the positions shown in Fig. 5.8. The comer positionc repror^onted 

centroid element positions in the grid chosen for tho finite- olomont 
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FIG. 5.8 INITIAL SmAIN GAUGE POSITIONS 

FIG. 5.9 FINAL STRAIN GAUGE POSITION 
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analyses. The single gauges had. a gauge length of 2 mm. and the 

rosettes a gauge length of 5 mn. The 2 mm. gauge length was thought 

preferable because of the very rapid stress changes that occur in the 

wall comers. 

The wall was tested with all three beams using this strain gauge 

arrangement. Initially all the gauges were read separately by hand 

using a Baldwin box with a separate dummy gauge for each active gauge. 

This was found to be very time consuming and when a Solatron datalogger 

became available, this was wired in to iread the wall gauges. Only one 

dummy gauge was used with the datalogger and for this reason, the beam 

gauges, which required dummy gauges mounted on steel, were read separ-

ately by hand using the Baldwin box. The datalogger tape output could 

be fed into the departmental mini computer and thus the strain differences 

computed automatically. In addition to the strain measurements, dial 

gauges were used to measure the beam deflection at the supports and at 

the centre of span. 

The results from these tests indicated that the rosettes in the 

wall corners were giving completely inaccurate readings. This could 

have been due to either the gauge length of 5 mm. being too large to 

accurately measure the rapidly changing stresses or possibly the fact 

that the three gauges overlay each other in the rosettes. It was decided 

to remove these comer rosettes and replace them with a similar arrange-

ment of 2 mm. gauges as at the other corners. Because it v;as now far 

simpler to take the strain readings, twelve additional 2 mm. gauges 

were attached. The final positions of all the gauges is shown in Fig. 

5.9 and Plate 5.3. Also at this time, a more modern datalo/̂ /̂ êr became 

available and this was used to replace the older mof̂ ol. 

Some considerable time was spent in getting the revlW;') arran^ment 
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to work reliably. When this was achieved., the final tests were 

proceed.ed. with. 

5.3.5 Final tests and, results 

The wall was tested with each of the three beams for three 

complete load.ing cycles. In addition the 10 mm. and. I5 mm. beajn 

structures had one additional loading. In order that the pall would 

suffer no damage the loading was limited, to 8,000 lb. for the 4O nrni. 

beam, 5,000 lb. for the I5 mm. beam and 3,500 lb. for the 10 mm. beam. 

For the 10 mm. and 15 mm. beams 500 lb. load increments were taken. 

For the 40 mm. beam, 1000 lb. load Increments were used. 

The d.e fleet ion and strain results indicated that it took two load 

increments for all the tests before the model behaviour became linear. 

This was probably due to some initial settling in of the wall onto the 

beam and the taking up of the initial self weight beam deflection. 

After the first two increments the behaviour generally was very linear, 

although in the wall comers the strain readings did continue to decline 

gradually. These strain gauges were within 5 mm. of the boundaries of 

the wall, and considering the wall thickness of 25 mm., this non-

linearity was probably due to boundary effects. It was not iue tc 

increasing contact length because all the wall-beam interface gauges 

showed declining strain readings. 

Excluding the first two load Increments, the strain readings 

were averaged to give the strain change for a 5OO Ih. load increment. 

The beam's central deflection was obtained by averaging the support 

deflections and subtracting this value from the measured central 

deflection. Again the first two load increments were excluded. 

The results are shown in Tables 5.2, 5.3 and 5.4. The structures 

were analysed using the wall on beam computer program using the finite 



Gauge Deflection values x 10"^ in. and Strain values x 10"^ m 0) 

-H (1) 
0 N 
(D (1) 
U (H 
h (H 
CD .H 
Pi A 

position 
etc. 

1 st 
loading 

2nd 
loading 

2nd 
unloading 

3rd 
loading 

3rd 
Tinloading 

4th 
loading 

4th lljoading 
unloading 1average 

Unloading 
average 

Combined 
average 

C omputer 
results 

m 0) 

-H (1) 
0 N 
(D (1) 
U (H 
h (H 
CD .H 
Pi A 

Beam 
Deflection 

2.46 2.29 1.94 2.48 2.16 2.37 2.12 2.40 2.07 2.235 1.86 -16,8 

Top beam 
2.0 2.2 —0.4 3.0 0.2 2.4 -1.0 2.4 -0.4 1.0 1.2 +20.0 

Bottom beam — 20.6 -21.2 -20.8 -21.6 -20.8 -21.2 -21.6 1-21.2 -21.1 -21.15 -23.9 +13.0 

1 321.0 316.8 285.4 307.1 278.3 304.5 2 7 8 . 4 [ 3 1 2 . 3 280.7 296.5 299.4 + 1.0 

2 105.8 107.4 116.3 111.6 111.4 110.4 111.7 I108.8 113.1 11T.0 108.7 -2.1 

3 —0.8 -1.8 - 4.7* -2.5 "4.2 -2.9 - -3.9 -2.0 -4.3 -3.2 15.4 — 

4 235.2 233.0 218.5 225.8 214.2 224.0 213.9 227.0 215.5 221.3 206.6 -6.7 

5 47.0 47.2 46.5 46.9 46.0 46.8 46.0 r 47.0 46.2 46.6 48.1 +3.2 

6 30.7 30.6 30.0 30.2 29.4 29.9 29.7 30.3 29.7 30.0 29.8 -0.7 

7 17.7 17.7 18.4 17.7 17.7 17.8 18.0 17.7 18.0 17.9 17.9 0 

8 7.0* 8.5 9.1 8.7 8.1 8.4 8.5 8.1 8.6 8.4 9.5 +13.1 

9 i.y* ).2* 3.5* 1.9 2.4 1.5 2.3 2.6 2.7 2 7 3.2 +18.5 

10 12.6 12.4 12.4 12.2 12.4 12.3 12.7 12,4 12.5 12.5 13.6 48.8 

11 0.7* 0.9* 0.5 -0.1 0.2 0 0.1 0.4 0.3 0.4 -0.7 

* One or more disregarded becaMse of obvious errors. 

T^ble 5.2 Fxrci'lmi'nl.a'l ayd ana]ylica] ircsolts for model with 10 mm. beam 



Gauge 
Position 
etc. 

Deflection values x lO" in. and Strain values x IO" 
ca p; 

% 0) (U 
U Cw 
H (H 
0) .iH 
Pk A 

-12.3 

Gauge 
Position 
etc. 

1 st 
loading 

1 st 
unloading 

2nd 
loading 

2nd 
unloading 

3rd 
loading 

3rd 
unloading 

4th 
loading 

Loading 1 
average 

nnloading 
average 

Combined 
average 

Computei 
results 

ca p; 
% 0) (U 

U Cw 
H (H 
0) .iH 
Pk A 

-12.3 
Beam 
Deflection 

1.48 1.46 1.51 1.41 1.47 1.39 1.55 1.50 1.42 1.46 1.28 

ca p; 
% 0) (U 

U Cw 
H (H 
0) .iH 
Pk A 

-12.3 

Top Beam 
.Gauas _ . , 

5.4 4.2 5.1 4.4 5.4 4.2 . 5.4 5.3 4.2 4.75 1.0 -63.2 

Bottom Beam 
GeaiRe 

—17*8 -18.0 -18.2 -17.5 -18.0 -17.7 -17.7 1 -17.9 -17«7 -17.8 -16.7 -6.2 

1 254.0 228.0* 244.0 223.0 240.0 222.3 241.0 244.8 224.4 234.6 241.2 +2.8 

2 119.4 132.0 133.5 129.7 133.0 127.2 132.8 129.7 129.6 129.7 127.7 -I.5 

3 43.1 59.9 57.0 58.2 

182.6 

57.5 
191.8 

57.0 

182.2 

57.0 

191.0 

47.0 

53.6 

193.7 

47.3 

58.4 56.0 

188.4 

47.2 

29.6 

45.6 

177.1 

— lo,6 

—6,0 4 

5 

199.0 184.8 
-

19 3L0 

58.2 

182.6 

57.5 
191.8 

57.0 

182.2 

57.0 

191.0 

47.0 

53.6 

193.7 

47.3 

183.2 

47.2 

56.0 

188.4 

47.2 

29.6 

45.6 

177.1 

— lo,6 

—6,0 4 

5 47.9 47.4 46.9 47.1 47.5 47.0 

57.0 

191.0 

47.0 

53.6 

193.7 

47.3 

183.2 

47.2 

56.0 

188.4 

47.2 

29.6 

47.3 

28.9 

+0.2 

-2.4 6 30.4 30.0 29.6 28.8 29.9 29.5 29.6 29.9 29.4 

56.0 

188.4 

47.2 

29.6 

47.3 

28.9 

+0.2 

-2.4 

7 18.1* 18.6 17.4* 18.9 17.9 18.2 18.0 17.8 18.6 18.1 18.0 -0.6 

+4.2 8 9.8* 10.0* 9.3 9.5 9.5* 9.7* 9.5* 9.5 9.5 9.5 9.9 

-0.6 

+4.2 

0 3.8* 4.1* 3.3* 4.2* 3.6* 3.8* 3.9* 3.6 4.0 3.8 

12.6 

2.9 

13.8 

-23.7 

+9.5 10 12.7 12.9 12.1 13.0 12.6 12.7 12.8 12.6 12.6 

3.8 

12.6 

2.9 

13.8 

-23.7 

+9.5 

11 W.I 0.1 —0.9 0 -1.1 —0.^ j —0.4 j —0.6 —0.1 -0.35 -1.0 tl86.0 

* One or more gauges disregarded because of obvious errors. 

Table 5.3 Experimental and analytical results for model with I5 mm. beam 
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Position 
etc. 

Deflection values x lO"^ in. and otrain values x 10"^ gng 

^ g: 
0) <D 

0) -H 
P4 A 

Gauge 
Position 
etc. 

1 st 
loading 

1 st 
unloading 

2nd 
loading 

2nd 
unloading 

3rd 
loading 

3rd 
unloading 

Loading 
average 

Unloading 
average 

Combined 
average 

Computer 
results 

gng 

^ g: 
0) <D 

0) -H 
P4 A 

Beam 
Deflection 0.45 0.43 0.45 0.42- 0.47 0.44 0.46 0.43 0.445 0.462 + 3.8 

Beam 
Gauge _ _ 

7.5 6.6 7.4 6.3 7.0 6.4 7.3 6.4 6.85 5.5 —19 7 

Bottom Beam | r 
Gauge 1 " -11.5 — T1»3 -11.1 -10.9 -10.5 |-11.3 — 11.0 -11J5 -11.3 + 1.3 

1 \^0.5 112.8 118.0 ' '2̂ 8 ! 1 , ' 112.2 I118.5 115.6 117.0 + 1.2 

1 2 85.4 83.1 83.5 ^ ) 3h . h 

_ 

82.9 84.3 S2.5 -2.1 

1 3 1 52.2 58.2 54.3 58.0 54.7 - 58.0 53.7 58.1 55.9 60.8 +8.1 

i 4 

42. ̂  

94.3 96.2 94.5 95.8 95.0 96.4 94.6 95.5 94.1 -1.5 
: 

i 5 42. ̂  40.1 41.8 40.0 42.0 40.4 42.0 40.2 41.1 40.8 -0.7 

7 

26.5 25.5 26.^ 25#6, 26.5 25.7 26.5 25] 6 26.1 25.7 -1.5 

7 18.9 18.6 19.0 18.9 19.1 18.6 1 19.0 18.7 18.9 18.6 —1.6 

8 11.5* 11.1* 10.9 10.6 10.5 10.8 11.0 10.8 10.9 11.5 +5.5 

1 9 1.2 1.4 1.1 1.3 1.0 1.6 1.1 1.4 1.3 1.4 +7.7 

10 14.2 13.4 13.9 13.5 13.7 13.7 13.9 13.5 13.7 14.6 +^.6 

11 -1. 1* - 1.7 -1.5* -1.5 —1.4 -1.3 -1.3 -1.5 —1.4 -2.0 +42.8 

* One or more gauges cLisregarcLecl because of obvious errors. 

Table 5.1- Experimental and analytical results for model with 40 zm beam 
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element grid shown in Fig. 5.10. Strain, values corresponding to the 

strain gauge positions and directions, were calculated from the analyses 

stress results and these are also included in Tables 5.2, 5.3 and 5-4. 

The percentage difference of the computer reŝ Jilts from the test results 

was calculated and is also shown in the tables. 

5.3.6 Comparison of test and analytical results 
^ ii mijiirf̂ iHiin rTiirrr— • 11 11 ' n ' ' i' ' up 

The results shown in Tables 5.2, 5.3 and 5.4 indicate a generally 

good level of agreement between the test and analytical results. As 

might be expected, the insults from the stiffer beam analyses give 

better agreement than those from the more flexible beam analysis, 

because of greater length of contact between the wall and beam for 

stiffer beams. For example, in the 10 mm. beam analysis, only three 

nodes weî e left connected between the wall and beam at each support, 

while in the 40 mm. beam analyses, eight nodes were left connected. 

These tests indicate that the finite element analysis will predict 

the beam deflections and stresses to within 20^ for structures with a 

K value not greater than 15. The only error greater than this was for 

the top strain gauge on the 15 mm. beam, and even here, when the 

bending moment and tie force components were calculated for the beam, 

the error drops to around 20^. Generally, the analyses slightly under-

estimated the beam moment and overestimated the tie force. If any 

slight slippage had occurred in the tests on the wall-beam interface, 

this would have led to an increase in the bending moment and a reduction 

in the tie force. Although no noticeable slip occurred in the tests, 

the possibility of some slippage cannot be entirely ru.led out. Con-

sidering the fact that the central beam deflection for the 10 mm. beam 

structure more than doubles in the analysis as the crack is generated, 
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FIG. 5.10 FINITE ELMENT GRID USED FOR AitALuITE WC: 'SEE 
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a final 4cfl^ction ^rror oC 1?^ must be considered reasonable. Again 

Lhoy/fh, any clipp;î ^ might partly accoimt for this difference. 

The agreement between the test and analyses wall strain results 

good except for the results from the rosettes th^ position 3 

gauges. The rosettes were of a similar type to those used earlier in 

the wall corners. Since the corner rosettes had also produced large 

errors, it was considered reasonable to disregard the errors indicated 

by the central wall rosettes. In the analyses, the length of the 

separation crack depends to some extent on the node positions. For the 

10 mm. beam structure analysis, position 3 lies at the end of the 

length of contact and thus the strain estimate for this position is 

likely to bo inaccuratc. Similarly, for the 1$ mm. beam analysis, 

i clo,̂ ^ to the end of the length of contact and thus the 

xtrain outimaLe for thi% position is also likely to inaccurate. 

Excluding the position 3 and rosette results, the remaining test and 

analyses results differed by less than 10^. 

5.3.7 Conclusions 

Fbr wall on beam structures withE values less than 15, the finite 

element analyses can predict wall stresses to within 10^^ and team 

stresses and deflections . .in 20^. 
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5.4 Pull acale tests at the Building!; Research EstabliBhment 

5.4.1 Introduction 

Four full scale masonry wall on encased, steel beam tests were 

conducted, at the Bu.lld.juig Research Establishment under the supervision 

of Mr. G. Weeks. These tests were undertaken to demonstrate testing 

techniques to students on teaching courses. 

The author gratefully acknowledges the permj sslon given by 

Mr. Weeks and the Building Research Establishment to observe these 

tests and report the results. 

Since the tests were not personally conducted by the author, the 

tests will only be described briefly. The results were used by the 

author in formulating the design method described in Chapter 3. A 

comparison between the test results and a finite element analysis is 

also given. 

5.4.2 Test description 

The four tests were conducted in two sets of two with the two 

beams used in the first set being reused in the second set. For 

all of the tests the wall height was 6 feet, the span 10 feet and the 

wall thickness nominally 4& inches. loading was approximately uniformly 

distributed and was achieved by means of underfloor hydraulic rams 

acting through steel cables to the top of the wall. The test arrange-

ment is shown in Plate 5.4' 

The two beams used in the tests were of different stiffness. The 

smaller beam had encased dimensions of 10 in. wide by 12 in. deep and 

contained a 8 in. by 5^ in. by 17 lb. steel beam together with ̂  in. 

diameter binders. The other beam had encased dimensions of 10 in. wide 
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Plate 5.4 B.R.E. wall on beam test Plate 5.5 Wall after failure 
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"by 1/1 In. deep and contained a 10 in. by in. by 2$ lb. steel beam 

toffOthBr wltb ̂  In. binders. The encasement concrete was designed 

to have a strength of not less than 3000 lb/in at 28 days. Before 

encasement, stiain gauges were attached to the top and bottom flanges 

of the beam along half the span. Prior to constinicting the walls, 

the beams were subjected to quarter point loading in order to determine 

their flezural stiffness from their deflections. The results are shown 

in Table 

The two sets of two walls used in the tests were of different 

strengths. The walls used in the first two tests were built with low 

strength bricks and 1:1:6 mortar. The walls used in the final two tests 

wei-e built with high strength bricks and 1:'̂ :3 mortar. Brickwork pier 

tests were undertaken to determine the modulus of elasticity and strength 

of brickwork. The piers were nominally 9 in. by 9 in. by 12 courses 

high. The averaged results are shown in Table 5.5. 

The stimctures were taken throu^ several load cycles before 

being finally loaded to failure. Failure in all cases occurred due to 

the walls crushing in one of the bottom corners. The form of failure 

is shown in Plate 5.5. 

Only the beam strains and deflections were recorded in the first 

teat. In the second test, the failure load and observed length of 

contact were also recorded. In the final two tests, Bemec readings 

were taken on the wall above the wall-beam interface so that an 

estimate of the wall strains could be (' 'ed. 

5./1.3 B value calculations 

A maximum of three estimates of the B value could be obtained 

from each test as explained in Section 5.2,1. These values are shown 



124 

in Table 5.5- Since only beam strains and. deflections were measured 

in Test 1, no B value estimates could be made for this test. The 

peak wall stress B value could not be obtained from Test 2 either, 

because ho wall strain readings had been taken in this test. The peak 

stress B values for Tests 3 and 4 were calculated by linearly extra-

polating the two vertical wall strain readings closest to the support, 

up to the wall edge above the support. It can be seen from Table 5.5 

that the estimated B values are very consistent with all the values 

lying between 1.05 1.26. 

Test 

Beam EI 

lb in^ 

X ICp 

Wall B 
w 

Ib/in^ 

% 10^ 

Wall material 

strength 

Ib/in^ 

E 

Estimated B values 

Test 

Beam EI 

lb in^ 

X ICp 

Wall B 
w 

Ib/in^ 

% 10^ 

Wall material 

strength 

Ib/in^ 

E ( T T 
Contact 
length 

(2) 
Peak 
Stress 

Failure 

1 5.89 .57 880 5.10 — — — 

2 3.26 .57 880 5.93 1.26 — 1.23 

3 

4 

3.26 2.64 5600 p.63 1 .08 1.16 1.10 3 

4 5.89 2.64 5600 7.44 1.05 1.15 1.09 

Table 5.5 Results from B.E.E. wall on beam tests. 

5.4.4 Comparison with finite element analysis 

A finite element analysis was undertaken to represent the wall on 

beam structure of Test 1. The masonry wall was represented by a 

homogeneous wall using the value obtained from the biTickwork pier 

tests. The beam was represented by a 1 ; neous beam with a beam 

depth equal to the encased beam depth ĉ;ing a calculated E value 

that gave the flezural stiffness given by the guairber point loading 

tests. This beam representation can only be considered approximate. 
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because the axial stiffneoB of the two beams could, not be matched 

and the flexiiral stiffness of the encased beam would tend to change 

when subjected to axial forces such as the tie force. A uniformly 

distril^uted load of 20 tons was applied at the top of the wall in the 

analy si s. 

Comparisons between the test and computer analysis bending moment 

and tie force diagirams are shown in Figs. 5.11 and 5.12 respectively. 

The bending moment and tie force in the test beam weare calculated from 

the strain gauge results for a load of 20 tons. The calculated results 

relate to the bending moment and tie force in the bare steel section 

because it was not possible to estimate accurately the effects of the 

encasement. 

Considering the many approximations made in producing the comparisons 

shown in Figs. 5«11 a^d 5.12, the level of agreement must be considered 

reasonably good. The analysis and test central beam deflection also 

gave good agreement with a test value of .030 in. and an analysis value 

of .027 ii:i. These results must therefore verify to some extent the 

method of analysis. 
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5.5 brickwork walls on reinforced concrete beams tests 

5.5.1 Introduction 

19 

These tests were conducted as part of an undergraduate project . 

They are briefly described here because some of their results were 

used in developing the approximate design method of Chapter 3. 

5.5*2 Test description 

Two tests were conducted with anall brick walls on reinforced 

concrete beams. The single leaf walls were four bricks wide by ten 

bricks high and were both built with medium strength brickwork . The 

beams weze in. wide by 2 in. and 3 in. deep. They were both of 

balanced reinforcement design. 

Prian tests were undeirbaken separately to establish the modulus 

of elasticity and Poisson's ratio values for the brick, the mortar 

and the beam concrete. The prism dimensions were 1 in. by 1 in. by 

4 in. high and longitudinal and transverse strain measurements were 

made using strain gauges. 

The wall on beam structures were loaded under approximately 

uniformly distributed loading. Strain measurements on the wall were 

obtained using strain gauges. The central beam deflection was also 

measured together with an estimate of the length of contact. 

5.5.3 B value calculations 

For the present work, the results of these tests were only used 

in calculating B value estimates. Of the three methods of obtaining 

B values, described in Section 5.2.3, only the measured contact length 

method could be used for these tests. The peak wall stz-ess method 

could not be used because the strain gauge readings in the rail ocrA&r: 



128 

had proved to be inconsistent and the failure load method could not 

be u.sed because the brickwork strength was not k#.own. 

Table 5.6 shows the calculated B and E values for the structures. 

In calculating the E values, the modulus of elasticity of the wall was 

calculated from the brick and mortar values assuming the vertical 

proportions of the brick and mortar in the walls. 

Beam E B 
depth value value 
in. 

3 10.46 1.16 

2 15.35 1.28 

Table 5.6 Results from masonry wall on reinforced concrete beam test: 
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5.6 Conclusions 

The main concl'u.sions from this chapter can "be siimmarized. as fcllcws: 

(1) The plaster model tests clearly demonstrated the basic wall 

on beam behaviour assumed by the design method of Chapter 3, 

bat indicated that the B values taken in the derivation of 

the first design method were inaccurate. Revised B values, 

based on the values found in these tests, were used in the 

later versions of the design method. 

(2) The B value results obtained from the full scale tests conducted 

at the Building Eesearch Establishment and the tests conducted 

at the University of Southampton were in good agreement with 

the B values calculated from the plaster model tests. 

( 3 ) The araldite model tests indicated that the results given by 

the finite element program developed in Chapter 4 should be 

accurate to within 10^ for wall stresses and 2C^ for beam stresses 

and deflections. 
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crmpTER 5 

INFILLED FRAMES: INTRODUCTION AND REVIEW 

OF PREVIOnS m R E 

6.1 IntzTodnction 

When a struckaral frame is infilled with a masonry vi/all, the 

diaphragm action of the wall causes a substantial increase in the 

stiffness of the unit. The infill can be tho-ught of as acting as a 

diagonal bracing strut. Althougii infilled frames can provide one 

of the oost efficient means of resisting lateral wind loading, their 

structural properties have seldom been utilized in this country. This 

has mainly been due to the fact that no methods of design have ever 

been officially recognised in Britain. The design methods that have 

been developed by previous researchers have generally been coaplicated 

and difficult to apply. 

A relatively simple design method is developed in this thesis 

for the design of infilled frames. This design method will probably 

be included in a new revised British Standard on structural steelwork 

de sign. 

In addition to the development of the design method, a theoretical 

investigation was undertaken into the elastic behaviour of infilled 

frames. A finite element prograr.i was developed for this investigation 

which allowed for crack generation on the infill-frame boundaries as 

well as a friction or no friction connection on these boundaries. 
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5.2 aeview of previous wodk 

6.2.1 Introduction 

In this section, a brief review of previous theoretical and experi-

mental work on infilled frames is given. This previous research work 

can conveniently be split into three sections: (a) methods used to 

analyse infilled frames, (b) suggested methods of design or of simpli-

fied analysis of infilled frames and (c) experimental investigations. 

6.2.2 Methods used to analyse infilled frames 

Between 1952 and 1^66, Polyakov published several papers 

describing his work in Moscow. As park of this work, Polyakov under-

took approximate analyses to determine the stresses in infills. 

Combinations oC assumed infill boundary loading distributions were 

used with a theory of elasticity method. 

24 

In 1955, Whitney, Anderson and Cohen published a paper in wliich 

a method of analysis was presented, based upon the assumption of inte-

gration between the frame and infill. The columns were assumed to be 

the flanges and the infill the web of a cantilever beam. 

Between 1957 and I96O, Benjamin and Williams^^"^^ published 

several papers describing their mo^^ at Stanford Universiby. They 

undertook several analyses based on the lattice analogy approach, but 

concluded that a simple strength of materials approach would produce 

results of equal accuracy. Again a full integration between the infill 

and frame was assumed. 

In 1960, Satchan^i^^ published a paper in which a method of 

analysis was presented, based on the theory of elasticity method. The 

interaction forces between the frame and infill ivere replaced by thirty 

redundant reactions. A solution for these reactions was obtained using 
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the 3ompatability of displacements of the frame infill. Again the 

assumption of a continuous bond at the interface between the frame ;&nd 

infill was assumed. 

Between I962 and 196?, Stafford Smith^^ published several 

papers describing his work on infilled frames. As part of this work 

he used the finite difference method to analyse infills which were 

loaded under various assumed loading distributions. This work was 

later continued by Carter ' , who analysed infills by the finite 

element method. Carter used the same assumed loading distributions as 

Stafford Smith, but included the effects of a non linear elastic 

infill material. This was achieved by altering the modulus of elast-

icity of the elements in relation to their stress levels. 

37 

In 1967, Karamanski published a paper in which, for the first 

time, the finite element method was used to lanalyse infilled frames. 

For these analyses the frame was taken to be rigidly connected to the 

infill and the frame members were assumed to carry axial forces only. 

Later in I967, Mallick and Severn^^ published a paper in which the 

finite element method was again used to analyse infilled frames. The 

techniques employed in these analyses were in several ways similar to 

those used in the present author's finite element analyses. Two sets 

of nodes were generated on the infill-frame boundaries and these were 

initially connected to give the same deflections perpendicular to the 

boundaries. After the first analysis, boundary node pairs were dis-

connected where tension across the boundary was detected. The analyses 

and disconnections were continued until no further separation occurred. 

The elements used for the frame did not, however, include the effects 

of axial forces and no allowance for boundary friction was included 

in the program. 
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39 

In 1908,. Mallick and. Severn published a paper in which the 

finite element method was used to study dynamic infill loading. In 

1971, Mallick. and Garg'^^ published a paper in which the finite element 

method was used to study the effects of openings in infilled frames. 

In 1968, Tomii^^ published a paper in which he analysed infilled 

frames elastically using stress functions. Tomii was concerzied with 

reinforced concrete infills and thus made the assumption that the 

infill and boijindary frame were bonded together. 
42 

In 1970, Liauw published a paper in which he analysed infilled 

frames by means of the Airy stress function expressed in the form of 

a fourier series. In these analyses he also assumed the infill and 

boundary frame were bonded together. 

Kadir'^^, in his Ph.D. thesis of 1974, used the finite element 

method to analyse infilled frames. Again he defined two sets of nodes 

on the frame-infill interfaces. So as to prevent an iterative solution 

scheme, he initially only connected the frame to the infill over 

assumed lengths of contact. These nodes were again only connected for 

deflections across the boundaries which produced a no boundary friction 

type solution. In order to introduce friction, Kadir multiplied the 

boundary forces found in the no friction analysis by a coefficient of 

friction and applied these forces to the boundary nodes in a second 

analysis. This method of introducing boundary friction is, however, 

highly inaccurate because the friction forces considerably alter the 

forces perpendicular to the boundary. 

6.2.3 Sufcgested methods of design or of simplified analysis of 

infilled frames 

20—21 

Polyakov " as a result of his ex^^erimental and theoretical 

work developed a design method in nî iich the maximum theoretical, siieari: 
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stress in the infill is related, to the infill imaterial shear strength. 

E^^irical formulae and design carves are used to take account of 

infill openings and variations in infill aspect ratio. Effects due 

to variations in frame stiffness are not considered. 

Wood^^ in 1959, suggested an empirical interaction formula that 

related the infilled frame strength to the individual strengths of 

the infill and frame. 

25-•28 

Benjamin and Ifilliams concluded from their experimental and 

theoretical work that the stiffness and strength of infilled frames 

was independent of frame stiffness, provided the frame was strong 

enough to produce infill failure. They went on to produce for̂ iulae 

for calculating the stiffness and strength of masonry infilled frames 

which were based on shear considerations. 
45 

Holmes , in his paper published in I96I, suggested a method of 

design for laterally loaded infilled frames based on th^ equivalent 

strut concept. Only the compressive mode of infill failure was con-

sidered in this method. The load carried by the infill at failure was 

calculated by multiplying the compressive strength of the infill 

material by the cross-sectional area of the equivalent strut. Dhe 

width of the equivalent strut was taken as one third of the diagonal 

length of the infill and this resulted in the infill strength being 

independent of frame stiffness. The load carried by the frame at 

failure was calculated by assuming that the equivalent strut was 

shortened by an amount equal to its length multiplied t y the failure 

strain of the infill material. In 1963, Hblmes^^' published a second 

paper in which the method was extended to consider infilled frames 

subjected to combined vertical and lateral loading. 
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47 

Tomii in a series of papers, suggested, methods for designing 

concrete infilled frames with and without openings. The failure load 

T/as calculated by relating the infill shearing deformation to the 

infill material failure shearing deformation. 

Stafford Smith^^ also used the diagonal strut concept in 

developing his design method. From the results of his finite difference 

analyses he prepared design curves which related the effective width 

of the strut, the compressive failure load and the diagonal failure 

load to the frame stiffness and infill aspect ratio. This work was 

later eDctended by Carter who included in his finite element 

analyses, the variation of infill modulus of elasticity wit'.i changing 

stress levels. Carter also produced curves for shear failure in 

ziasonry infills. 

liauw^^, in his 1972 paper, suggested an approximate method of 

analysis for infilled frames with and without openings, based on the 

concept of an equivalent frame. In developing this method, he assumed 

a constant connection on the frame-infill boundary. He conducted model 

tests, and as a result of these, concluded that his method was accurate 

for infills with large central openings. 

Mainstone^^*^^ has suggested forniulae for calculating the stiffness, 

diagonal cracking load and the ultimate load of infilled frames. The 

formulae result from a series of model tests and again the diagonal 

stirut concept was used. The formulae as presented, are not in a suit-

able form for design purposes. 
51 

Smolira in his 1973 paper, suggested an approximate method of 

analysis based on the diagonal strut concept. He used the force-

displacement method to solve rigidly jointed frames with diagonal infill 

struts. Althougli an indication is given in this paper of how to include 

the effects of lack of initial fit of the infill and contact pressure c: 
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the infill on the frame members, the axial effects of the forces in 

the frame members were not included. For multistorey infilled frames, 

the suggested method of analysis requires a computer to produce the 

solution. 

AT 

Eadir' , in his thesis, suggested a method of design, again' 

based on the diagonal strut concept. Using beam on elastic foundation 

theory, he first obtained expressions for the contact lengths between 

the infill and the columns and beams. The effective wid±h of the 

diagonal strut was then assumed to be half the distance between the 

ends of the length of contact on the column and beam. The lateral 

stiffness of the infilled frame was calculated by asEMmdng a rigidly 

jointed frame and a pin-ended diagonal strut. Also from this calcula-

tion the shear load carried by the infillvas obtained. For the infill 

shear strength calculation, the shear load was averaged across the 

infill. For some unexplained reason, the vertical stress in the infill 

was taken as the vertical force component averaged across the infill 

multiplied by the ratio of the beam length of contact to the infill 

length. For the ultimate crushing strength calculation, the infill 

shear load was averaged over a column length related to the effective 

width. 

6.2.4 Experimental investigations 

A large number of model and full-sized tests have been carried 

cut in the past twenty five years by different Investigators. Only 

20-23,25-33,36,38-40,42,43,45, 
references to these tests are given here 

46,48,50,52-61 most relevant of these tests to the present work 

are discussed in Section 7.3. 
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CHAPTSR 7 

INFILLED FRAMES: DE7KL0PMMT OF A SIMPLE DESIGN METHOD 

7.1 Introduction 

This work: was conducted at the instigation of the British 

Standards Sub-Committee B/20/5, which required a design method for 

the composite action of infilled frames, for its revision of BS449, 

the structural steelwork code. Althou^ the design method was 

developed specifically for steel frames, with or without encasemeiit, 

it could also be applied to reinforced concrete frames if a lower 

ratio of E/E is introduced. 

Unlike the wall on beam design method described in Chapter 3, 

this method was developed fairly directly to its final fona, without 

any major modifications. For this reason, the development of the 

method can be presented in one section. The permissible stress 

approach was used in developing the design method and only in its 

final stages of development was it convei-ted to a limit st&te approach. 

For this reason the development of the method is shown in terms of 

permissible stresses while the summary of the method is given in terms 

of limit state design. 
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. 2 Develomient of the design method. 

7.2.1 Basic beliavioiir of infilled frames 

Earlier research by Stafford Smith and Carter^^"^° has shown 

that when an infilled frame is loaded in shear, separation of the 

frane from the infill tends to occiir in regions away from the com-

pression comers, as shown in Fig. 7.1. The infill is then acting 

in effect as a diagonal compression strat. This earlier research 

alsc' indicated that the contact length af and be is roughly eqiial to 

half the span, regardless of the frame stiffness, and that the lengths 

of contact ac and bh, defined here as cy, are governed by the relative 

stiffness of the infill to the columns. It was fo-und that ry was 

related to the relative stiffness by an eqiiation of the forri 

QL _ _J1_ 7 1 
h 2Xh ' ' ' 

in which Xh is a non-dimensional parameter expressing the relative 

stiffness of the infill to the coltimns where 

I 
- — 7 9 
4EIh " ' ' 

in which t and h are the Young's modulus, thickness, and height 

of the infill respectively; and E and I are the Young's modulus and 

second moment of area of the columns. 

The similarity of X to the cliaracteristic parameter used in 

15 

bean on elastic foundation theory is evident , as is the similarity 

of the problem, i.e. the in-plane interaction of flexural and plane 

stress components. 

When the infill is of masonry, there are three possible modes of 

infill failure. The first mode is a horizontal shear failure in the 



7.1 BASIC BSmVIOUR OF mFILLED FRAME 

FIG. 7.2 SHEAR FAILURE IN INFILL 

FIG. 7.j DIAGONAL TElxTSILE FAILURE IN INFILL 
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zcrtar joints of the masonry, Fig. 7.2. The second is a diagonal 

ter^ile crack along the compression diagonal due to the combined 

effects of Poisson's ratio and the curvature of the stress traject-

ories, Fig. 7.3. The third failure mode is a compression failure in 

the loaded corners of the infill, Fig. 7.4. 

In order to simplify the method, the horizontal shear force H is 

considered to be carried entirely by the infill. This assumption is 

conservative, but in most practical cases the difference is small 

because the stiffness contribution of the infill is normally much 

greater than that of the frame. 

7.2.2 Stress analysis of infills 

Stress analyses of infills with diagonal loading were undertaken 

previously by Stafford Smith^^ The infills analysed had length to 

height proportions 1.0, 1.5, 2.0 and 2.5. In order to represent the 

various stiffnesses of the columns, the loading on the vertical face of 

the infill was applied over different lengths of contact. The loading 

was applied with half as direct stress and the other half as shear 

stress. The loading was taken to be distributed triangularly over 

a length of contact on the column sides equivalent to a/h = § 

ani As shown in Fig. 7.5, the loading on the sides adjacent to 

the beams was distributed triangularly over half tha span. The 

finite difference method was then used to solve the biharmonic equation 

at the nodes of a network over the infill. 

The peak horizontal shear and principal tensile stresses were 

found to occur at the centre of the infill. The results for the 

range of cases analysed are shown in Table 7.1; these correspond to 

an infill of height 8 units, thickness 1 unit with a diagonal loading 
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-TZ 

FIG. 7.4 CCMPEESSI7E FAHHRE IN OOBEERS OF INFILL 

Pi:;. Y.'; ASSIMED LOADING INTERACTLm DiyrHlBUTIONINANA.,YSES 
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i 
h 

Peak 
Tensile 

Horizontal 
Shear 

Vertical 
Stress 

Hbrizontal 
Stress h 

Stress Stress 

Vertical 
Stress 

Hbrizontal 
Stress 

i 5.17 12.15 - 6.95 - 7.01 

1 
4 4.94 11.97 - 6.99 - 7.08 

1 

f 

2 

4.65 11.73 - 7.02 1 - 7.14 

8 3.92 9.67 - 3.14 - 9.32 

1.5 

i 

1 
4 

i 

3.66 

3.43 

9.46 

9.30 

- 3.30 

- 3.44 

- 9.21 

- 9.15 

i 3.19 9.13 - 3.63 - 9.04 

i 3.03 7.89 - 1.48 -10.76 

2 

1 
4 

t 

2.76 

2.56 

7.73 

7.62 

- 1.72 

- 1.90 

-10.58 

-10.46 

2 2.38 7.52 - 2.08 -10.31 

i , 2.47 6.61 - 0.66 -11.48 

2.5 
i 

3 
8 

2.20 

2.04 

6.51 

6.42 

- 0.93 

- 1.08 

-11.33 

-11.18 

i 1.89 6.37 - 1.24 -11.10 

Table 7.1 Stress results at centre of infill 

h 
g 2.5 2.0 1.5 1.0 0.67 0.5 0.4 

n o * 
1.43 1.41 1.39 1.37 1.39 1.41 1.43 H 1.43 1.41 1.39 1.37 1.39 1.41 1.43 

0 8t 
7 

2.47 1.92 1.35 0.78 0.45 0.26 0.15 
H 2.47 1.92 1.35 0.78 0.45 0.26 0.15 

*dt 
0.53 0.54 0.57 0.58 0.57 0.54 0.53 H 0.53 0.54 0.57 0.58 0.57 0.54 0.53 

Table 7.2 Stress results converted into non-dimensional form 
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c: 100 units. 

The stresses at the centre are seen to be almost independent 

:f the length of contact, i.e. the ratio. This might have been 

expected from the St. Tenant principle since the loading was relatively 

remote from the centre of the infill. To simplify the problem, the 

peak stresses were considered to be independent of the a/h ratio. Tĥ i 

most conservative stress results, which corresponded to a/h = were 

adopted in developing the design method. 

In order to extend the range of results to values of (/h"< 1, 

the assumption was made that the stress results for h/& = 1.5, 2.0, 

2.5 could be taken as approximately equal to the results from &/h = 

1.5, 2.0, 2.5, respectively. This followed from the assumption that 

the stress results were independent of the length of contact. For 

th^se values, the vertical and horizontal direct stress results from 

the analyses were reversed. 

The stress results were converted to non-dimensional terms by 

dividing by the average shear stress H/(t , as shown in Table 7.2. 

It can be seen that the terms representing the shear stress and the 

diagonal tensile stress, T̂ . 8t/E and a^^Ct/H, are almost independent 

of the infill proportions. The most conservative values were again 

taken 

T (t 
xy 
H 1.43 

"it" „ « 
and — g — = 0.5t 

When Oy (t/H was plotted against 6/h , as in Fig. 7.6, it coulc 

be seen that a close linear relationship existed between them. 

The relationship took the form 
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h/e 

FIG. 
a 

RELATIONSHIP BETWEEN -2L— AND 
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-Jg- = 1.1 Y - 0.26 . . . 7.5 

Previous theoretical researcb^^'^^ had. indicated that the local 

stresses in mortar jointed masonry may exceed the stresses found from 

homogeneous analyses by up to 5P^ in some instances. The design 

method, however, was developed assuming that the homogeneous analyses 

results could be applied to masonry infills. This assumption could 

be justified because the predictions of strength from the design 

method, compared to the results from full scale tests, as described 

later, were still conservative. 

It was now possible to consider the strength of the failure aodes 

of the infill. 

7.2.3 Failure modes of the infill 

Shear failure 

The permissible shear strength of brickwork is at present given 

in CP 111 as the lesser value of 

f = 0.1 + 0.16c MN/m . . . 7.6 
s y 

f = 0.5 MK/m^ . . . 7.7 

At the strength limit T = f and combining 7.3, 7.5 and. 
xy 8 

7.6 gives; 

W . 0.1. {1.1 I -0.26) 

i.e. H = r . ' . 7.* 
14.7 - 1.76 ̂  
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Cccbining 3qs. 7.3 and. 7.7 gives: 

^ ^ 0-5 

i.e. H = 0.35(t . . . 7.9 

The maximum value of E to prevent §hear failure will thus "be 

given ty the lesser result of Eqs. 7.8 and. 7.9. Eqs. 7-8 and 7.9 

are in units of MN and m. 

Diagonal tensile failure 

CP 111 at present gives the permissible tensile strength of 

2 
brickwork in bending as O.O7 MN'/m . This is equivalent to approxim-

-] 

ately — x the compressive failure strength of the weakest allowable 

mortar. 

The diagonal tensile strength of brickwork can conservatively be 

taken as — x the compressive strength of the mortar. Allowing for a 

typical factor of safety in brickwork of 4, the value of tensile 

strength in CP 111 of O.O7 MN/m seemed a reasonable value to adopt 

in the design method. 

i.e. f = 0.07 m/m^ . . . 7.10 

At the strength limit a,, = f'., and combining Eqs. 7.4 and 
dt dt 

7.10 gives: 

2 ^ . 0.07 

i.e. E = 0.12gt . . . 7.11 

The maximum allowable value of H to avoid tensile failure will 

be given by Eq. 7.II. Eq. 7.II is in units of MN and m. 
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It may be observed that Eq. 7.11 always gives a lower value of H 

than Eq. 7.9. Thas Eq. 7-9 coiild be dropped from the design method. 

Also Eq. 7.8 gives a lower H value than Eq. 7.11 when h/8 is less than 

3.6. Since infilled frames with h/g greater than 3.6 are extremely 

-imlikely, Eq. 7.11 cotild also be dropped from the design method, 

providing a limit to h/( was introduced. Thus diagonal tensile failure 

need not be considered if CP 111 shear and tensile strength values are 

used, although in practice, diagonal tensile failure may occur if the 

shear strength of masonry is above the CP 111 estimate. 

Compressive failure in the corners of the infills 

30-35 

Stafford Smith found from his model tests that the onset of 

this mode of failure was gradual and was accompanied by a rapidly 

increasing rate of deflection. It was thus assumed that a plastic 

mode of infill failure occurs. Ee also observed that the region in 

the comer of the infill where crushing taJces place generally extends 

along the column over the length of contact a. Stafford Smith found 

that the expression 

R = cyt sec@ f * ̂  . . . 7.12 

(in which E is the diagonal load on the infill, @ the slope of the 

infill diagonal to the horizontal and f ' ^ is the diagonal compressive 

strength of the infill) correlated reasonably well with his test 

res^lLts. 

It has been assumed that 

S = E cos 8 . . . 7.13 

Thus from ̂ qs. 7.12 and 7.13 

H = (yt f:^^ . . . 7.14 
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from Eqs. 7.1 and 7.2 

n ^/4EIh - 1 
" = 2 ' - ' 7-15 

For a steel frame with a masonry infill, a reasonable estimate 

of E/E^ is 30. In fact e is not very sensitive to changes in E/E^ 

because of the fourth root relationship. Taking this value and 

combining Eqs. 7.14 and 7.15, the maximum value of H to avoid com-

pressive failure is given by: 

H = 5.2f:g^/iht^ . .. 7.16 

Mainstone^^'^^ conducted a large series of model tests on frames 

with both masonry and concrete infills. From the results of these 

tests, he concluded that the compressive strength of masonry infills 

given by: 

E = 1.12 &h"°'G8 f ht cos 8 . . . 7.17 

in which f^ is the vertical compressive strength of the infill materia] 

Combining Eqs. 7.2, 7.13 &nd 7.17 and ^gain taking E/E = 30 

gives: 

th^ "0.22 2 
H = 1.12(^) f^ ht cos Q . . . 7.1! 

Eq. 7.17 can be approximated by the equation 

2 y 3 
E = 4f^ cos 8/lht^ . . . 7.19 

The results from the diagonal compression testing, described in 

Chapter indicated that the diagonal compressive strength of brick-

work under infill type loading f' was greater than the vertical 
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of the brickwork f^. Thus the difference between Mainstone's 

and Stafford Smith's estimates of compression failure strength can not 

be accounted for by the difference between and f̂ y 

It was decided to use in the design method Mainstone's equation 

for compression strength for the following reasons: 

(1) Mainstone's equabion gave more conservative results for E. 

In the majority of cases, taking the more conservative equation would 

have no effect on the design, because the shear equation is usually 

limiting. 

(2) Stafford Smith's equation was independent of infill shape and 

this seemed illogical for infills with h/C greater than 1. All of 

Stafford Smith's tests were conducted on infilled frames with h/6 

less than or equal to 1. 

(j) None of Stafford Smith's tests were conducted on frames with 

masonry infilling. 

7.2.4 Forces and bending moments in the frame 

The finite element computer analyses described in Chapter 8, 

indicated that the axial forces in the frame could be reasonably 

estimated by assuming the frame to be pin-jointed with each infill 

replaced by a single diagonal pin-jointed bracing strut. 

The analyses also indicated that bending moments in infilled 

frames tend to be very small and that aimaxlmum assumed moment of 

Hh /20 is conservative for both the columns and beams. 

7.2.5 Lateral stiffness of infilled frames 

The compulcr analyses described in Chapter 8, indicated that the 

lateral deflection of infilled frames was primarily dependent on the 

axial and not the flexural stiffness of the frame members. It was 
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thus thought reasonable to calculate the lateral deflection of 

infilled, frames by considering the frame as being pin-jointed with the 

infills replaced by diagonal bracing struts. 'OUie analyses Indicated that 

a conservative estimate of deflection would be obtained if the diagonal 

bracing strut was considered to have an effective width of O.lzits length. 

7.2.6 Conversion of the design method to limit state form 

Of the equations left in the design method, only Eg. 7.8 needed 

converting to limit state form, since this was the only dimensional 

equation. 

Eq. 7.8 was forced by combining Eqs. 7.3, 7.5 and 7.6 and of these 

only Eq. 7.6 was dimensions! as this was the CP 111 permissible shear 

strength equation. The shear strength equation can be rewritten in 

54 
dlmensionless form as 

^s " ^bs + ^°y ' ' ' 7-20 

in which f is the bond shear strength of the brickwork or blockwork 

^ is the coefficient of friction along the horizontal brickwork 

or blockwork mortar joints. In limit state terms, characteristic 

values of f^^ and ^ are given implicitly iaCP 111 as f = 0.4 N/mrn^ 

and ^ = 0.625. 

Combining Eqs. 7.3 , 7.5 and 7.17 gives the limit state equation 

for shear failure as 

1.43 
+ y (1.1 Y - 0.26) 

et - Y 
'mv mv 

f et 
i.e. Y H = ^ , Y,21 

^0^(1.43 - -^-<1.1 Y - 0.26) ) 
*mv 

in which and y ^ a^e the partial safety factors for th^ load 
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sjii for the strength of brickwork or blockwork in shear respectively. 

^.2.7 Modification of shear failure equation due to analyses information 

The finite element analyses, described in Chapter 8, indicated 

that Eq. 7.5 overestimated the central infill vertical stresses by 

approximately 2^. Because this error could lead to unsafe designs, 

the equation for the vertical stress o was modified to: 
y 

Gy = (0.8 ̂  - 0.2) . . . 7.22 

This change resulted in the final shear failure equation being 

modified to: 

H = ^ . . . 7.23 

^mv(''"^3 
mv 

7.2.8 Summary of design method 

General. The disposition of infilled panels throughout a structure 

shall satisfy the following requirements to ensure general sta'iility: 

a) The designer shall take care to provide a sufficient number of 

panels in every storey of the building to allow alternative paths 

for horizontal loads in the event of an accidental or unwitting 

removal of a single panel. 

b) The relative disposition of the infill braced bents and other 

calc.ilated shear resistant elements in each storey height shall be 

such that in combination they will also resist torsional displacements 

of the entire building. 
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Previsions 

a) The frame members may be of hot-rolled, section, hot-formed 

rectangular tube or built-up section and they may be totally encased 

or -unencased, or a combination of both, provided always that the steel 

section has an axis of symmetry parallel to the plane of the wall. 

b) With imencased steel sections the appropriate axis of symmetry 

shall lie within the middle third of the thickness of the wall. With 

encased steel sections the appropriate axis of symmetry of the steel 

section shall lie within the thickness of the wall. The faces of the 

wall shall not protrude beyond the outside of adjacent columns or 

beams. 

c) The wall shall be of brickwork or blockwork set in mortar not 

weaker than Grade (iii) as specified in CP 111 and shall have a height 

to length ratio within the range 0.3 to 3. 

d) Excepting holes permitted by provision (f) care shall be taken 

during construction to avoid the presence of gaps between the wall 

and the frame on all sides. 

e) The maximum slendemess ratio of the wall shall conform with 

Clause 4.1.1 of CP 111 assuming an effective height equal to the 

height of the infill. 

f) Openings may only be located immediately adjacent to the surround-

ing frame and within the middle third of the sides of the infill. 

The maximum dimension of openings in the infill nmst not exceed one-

tenth of the height or length of the infill, whichever is smaller. 

g) In bents which are to be designed as braced by infills, it must be 

assumed that in any storey the infills carry the total horizontal load 

and that any horizontal strength contributed by the frame is neglected. 
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Notation 

- characteristic bond shear strength of brickwork or block-

2 
work, given implicitly in CP 111 as equal to 0.4 N/mm . 

"k 
characteristic compressive strength of brickwork or block-

work as given in (IP 111 . 

H - horizontal load. 

h - height of infill. 

1 - second moment of area of column section about its axis 

perpendicular to the plane of the frame. 

2 - length of infill. 

t - thickness of infill 

- partial safety factor for load 

Y - partial safety factor for strength of brickwork or blockwork 

in compression as given in CP 111 . 

Y - partial safety factor for strength of brickwork or blockwork 

in shear as given in CP 111 . 

8 - slope of the diagonal of the infill to the horizontal. 

^ - characteristic coefficient of friction alcmg tl# horizontal 

brickwork or blockwork mortar joints, implicitly in 

CP 111 as equal to 0.62$. 

Design of the infill 

Two possible modes of failure must be considered. The first is 

due to shear and exhibits cracking along the bedding joints of the 

brickwork; this mode is defined as the serviceability limit state. 

The second is due to compression and occurs by crushing and spalling 

in the corners of the infill; this is defined as the collapse limit 

state. Both states must be checked in all designs. 
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i) Serviceability limit state: 

This is to be checked by the formula 

f et 

Yf H = ^ , _ , 7,24 

^1.43 - (0.8 ̂  - 0.2)j Y mv 
mv 

b) Collapse limit state: 

This is to be checked by the formula 

n 4 
H = 4 oos^Q ./l.h.t^ . . . 7.25 

m 

To Check the Deflection of the Frame 

A conservative estimate of the svay deflection of a frame braced 

by panels complying with this Section may be obtained by treating it 

as a pin-jointed frame, each bracing panel being replaced by a diagonal 

bracing member in compression of the following characteristics: 

Cross sectional area = 0.1 x t i diagonal length of infill 

Klastic Modulus for brickwork = 7 % 10 N/mm 

= 1 X 10^ Ib/in^ 

To Check the Strength of the ]Prame 

The members of the frame and their connections must be able to 

withstand forces resulting from t]^ TK)rî  combination of dead, imposed 

and wind loads which may act on the Infilled, frame. The axial forces 

may be detei-mined by simple static analysis of an equivaleiit. frame 

with the columns pin-jointed at each storey level, the beams pin-

jointed at their ends and the infills acting as diagonal pin-jointed 

bracing struts. 

In addition to the axial forces described above; 

a) the columns must be able to carry a bending moment equal to 
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Hh/20 applied in the plane of the frame in addition to the 

bending moments from other causes. However, the effects of the 

forces specified in (e) and (f) are to be excluded. 

b) where the upper beam of the infilled panel is not restrained by 

an infill above, the beam must be able to wikhstand a mid-span 

hogging moment of Bh/20 in combination with the moment due to 

vertical dead loading. 

c) where the lovrer beam of the infilled panel is not restrained by 

an infill below, the beam must be able to v/ithstand a mid-span 

sagging moment of Eh/20 in addition to the moment due to 

vertical dead and live loading. 

d) Each column adjacent to an infilled panel must be able to resist 

in shear an additional horizontal force H equal to that with-

stood by the adjacent infill panel. 

e) the beam abo-/e an infill within a length of 8/10 from each end, 

and its connections, must be able to carry an additional upwards 

shear force of Eh/( in combination with the shear force due to 

verticH.1 dead loading. 

f) the beam below an infill, within a length of 6/10 from each end, 

and its connections, must be able to carry a downwards shear force 

of Eh/( in addition to the shear force due to vertical dead 

and live loading. 
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7.2 Coapariion of design method with test results 

7.3.1 Full scale and model tests conducted by Beniamin and Williams 

Table 7.3 shows the results from a series of tests conducted by 

Benjamin and Williams on reinforced concrete frames with brickwork 

infilling. In using the d.e8ign method to calculate the estimated 

cracking loads, Benjamin and Williams' values for f and n were used 

together with their workmanship factor. 

The results indicate close agreement between the design method 

predicted loads and the actual cracking loads. Generally the predicted 

loads are slightly below the actual loads and are thus conservative. 

7.3.2 Pull scale tests conducted, by Meli and Salga&o^^'^^ 

Table 7.4 shows the results from a series of tests conducted, by Meli 

and Salgado at the National University of Mexico on reinforced concrete 

frames with bric'^work infilling. The specimens were approximately 

square with infill side lengths of the order of 2 m. The load.in3 was 

applied horizontally to one upper comer of the frame. A unifonaly 

distributed vertical pre-compression load was applied to the wall in 

3oge of the tests. 

In using the design method to calculate design loads, CP 111 per-

missible values were used for f^ and p.. Where pre-compression 

occurred, this was included in the calculations by assuming the stress 

to be uniformly distributed over the infill. 

Considering that the design method load includes a safety factor 

of between 3.5 and 4, the design method is seen to give a reasonable 

value for the design cracking load. The ratio between the cracking 

load anl the design load tended to increase when pre-compression was 

applied. [Fhis could be due to either the pre-compression stress nob 

being uniformly distributed over the infill or the brickwork liaving 
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Infill 
dimensions 

Infill 
thickness 

Cracking 
load. 

De sign 
estimate 

Cracking load. 
Design load 

hx 6 
(in.) 

t 

(in.) (tons) (tons) 

30.9 X 45.4 2.5 8.4 6.7 1.25 

67.5 z 99 5.5 30,1 32.2 0.94 

67.5 X 99 5.5 34.0 32.2 1.06 

90 % 132 8.0 56.7 62.4 0.91 

: 20 X 28 2.25 5.8 4.9 1.18 

i 20 X 40 2.25 6.7 6.0 1.12 

20 X 40 2.25 8.5 6.0 1.42 

20 X 62 2.25 11.6 8.5 1.36 

33.5 X 58 3.75 17.9 15.3 1.17 

33.5 X 58 3.75 16.1 15.3 1.05 

1 33.5 X 58 3.75 19.6 15.3 1.28 

! 33.5 I 58 3.75 16.1 15.3 1.05 

rotes Design method, estimates use Benjamin and. Williams val.ies 

for n and. f and. includ.e their worlonanship factors. 

Table 7.3 Benjamin and. Williams' infilled, frame test results. 
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Test Pre-
compression 

(kgf/cm^) 

Design load 
including 
safety 
factor 
(kgfl 

Crack load, 

ikgf) 

Ultimate 
load 

(kgf) 

Cracking load Test Pre-
compression 

(kgf/cm^) 

Design load 
including 
safety 
factor 
(kgfl 

Crack load, 

ikgf) 

Ultimate 
load 

(kgf) 

Design load 

801 0 1,470 4,400 5,830 3.0 

802 3.6 2,300 11,600 13,450 5.0 

803 0 1,470 6,430 11,000 4.4 

901 0 1,830 5,080 5,080 2.8 

902 6.2 3,630 13,220 14,020 3.6 j 

Solid 
brick 

0 1,840 5,ZOO 8,800 2.8 Solid 
brick 

3 2,700 11,600 13,400 4.3 

Perfor-
ated 
brick 

0 1,840 6,900 , 9,300 3.7 Perfor-
ated 
brick 3 2,700 11,900 1 13,700 4.4 

Hollow 
clay 
brick 

0 1,840 6,600 j 7,300 3.6 Hollow 
clay 
brick 3 2,700 12,300 : 12,300 4.5 

Sand 0 1,840 4,600 i 5,800 2.5 
lime 
brick 3 2,700 11,800 13,100 4.4 

Mq^es Design method loads calculated using CP 111 permissible values 

for ^ anJ. f. The design method loads thus include a safety 

factor oT between 3.5 and 4. 

Table 7.4 Meli and Salgado's infilled frame test results. 
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a higher value of p, than that assumed by CP 111 . 

7.3.3 Full scale tests conducted, by Mainstone and Weeks*̂ ^ 

Table 7.5 shows the results from a series of tests conducted by 

Mainstone and Weeks at the Building Research E8tabli8}iment on encased 

steel frames with brickwork infilling. The infilling had a g/h ratio 

of approximately 1.2 with a height of 9 feet. The loading was applied 

diagonally. In using the design method to calculate the diagonal 

design loads, CP 111 permissible values were again used for f and n . 

The design method is seen to give very conservative values for 

the design diagonal load, even after accounting for the safety factor 

of between 3.5 and 4. The most likely reason for this difference is 

that the shear strength of the brickwork used, could have been con-

siderably higher than the strength assumed in CP 111. In Benjamin 

and Williams' tests, the brickwork used had a bond shear strength 

that was almost four times the CP 111 assumed strength. Another poss-

ible reason for the difference is the form of loading used in these 

tests. Diagonal loading does not truly correspond to normal infilled 

frame loading because all the frame members in this case are loaded 

in compression, whilst in a building, the windward columns tend towards 

tensile loading. 

7.3.4 One-eighth scale tests conducted by Fiorato, Sozen and Gamble^ 

Table 7.^ shows the results from a series of tests conducted by 

Fiorato, Sozen and Gamble at the University of Illinois on reinforced 

concrete frames with model brickwork Infilling. The infills had a 2/h 

ratio of 2 with a height of 15 inches. The loading scheme and form of 

the structures is shown in Table 7.^. In using the design method to 
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Wall 
thickness 

(cm.) 

Design load 
including 

safety factor 
(%3) 

Cracking 
loa4 

(KN) 

1 Ultimate 
I load 

(im) 

Cracking load 
Design load 

70 

110 

22.4 140 310 6.2 70 

110 35.2 290 480 8.2 

110 35.2 370 760 10.5 

110 35.2 390 440 11.1 

340 108.9 1340 1620 12.3 

Notes Loads in terms of the diagonal load on the infilled frame. 

Design method loads calculated using CP 111 permissible values 

for ^ and f. 
bs' 

The design method loads thus include a safety-

factor of between 3.5 and 4. 

Table 7.5 Mainstone and Weeks' infilled frame test results 
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Test 
reference 

[ Design load 
Form of j including 
structure | safety factor 

I (kips) 

Cracking 
load 
(kips) 

ritimabe 
load 

Cracking' load 
Design load 

S2H 

s a 

F1C 

FZB 

F3B 

F3C 

0.272 3.2 

0.272 3.7 

0.272 2.5 

0.272 2.9 

0.272 3.7 

0.272 3.8 

3.2 

3.7 

2.5 

2.9 

4.5 

5.6 

11.8 

13.6 

9.2 

10.7 

13.6 

13.9 

M2B 

M2C 

0.272 3.: 

0.272 1.7 

5.3 

2.0 

11.8 

6. 2 

Iotes Design method loads calculated using CP 111 permissible 

values for ^ and The design method loads thus 

include a safety factor of between 3.5 and 4. 

Table 7.6 Fiorato, Sozen and Gamble's infilled frame test results. 
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calculate the design loads, C P U 1 permissible values were again 

used for f̂  and u. 
hs 

After accounting for the safety factor of between 3.5 and 4, 

the design method is again seen to give very conservative values for 

the design load. This conservatism could also be due to the brickwork 

having a higher strength than that assumed in CP 111 . 

7.3.5 Small scale tests conducted by Eadir^^. 

Table 7.7 shows the results from a series of tests conducted 

by Kadir at the University of Edinburgh on mild steel frames with 

nodel brickwork infilling. The infills had a vertical height of 15.75 

inches. In using the design method to calculate th^ design loads, 

Kadir's assumed values for 1̂  the compressive brickwork strength 

were used. Because the compressive brickwork strength was given for 

these tests, it was possible to calculate design crushing loads to 

compare with the test crushing loads. 

The results indicate that the design method is conservative for 

both the shear cracking and crushing modes of failure. Although Kadir 

used a form of triplet testing to obtain a value for the bond shear 

stress of the brickwork, he did not use these tests to obtain a value 

for the coefficient of friction. Instead he used the value of coeff-

icient of friction found by Sendry and Sinha^^\ Tha applicability of 

this value to Eadir's tests must be in doubt, particularly since Eendry 

and Sinha's tests were on full scale brickwork, while Eadir's tests 

were on approximately quarter scale brickwork. The scale of Eadir's 

tests is another reason to question their accuracy. The overall scale 

of the tests was approximately one eighth while the brickwork scale 

was approximately one quarter. 
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Design cracking 
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2.23 

3.94 3.00 

Design cracking 
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1.80 1 4.27I 1.219 
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0.547 

0.547 

Design cracking 

1.54 

1.66 

2.23 6.70 3.73 

Design cracking 

1.65 

1.31 

1.80 

1.6 7.O7I 0.994 
! 

0.716 1.39 3.51 3.13 1.10 

1.6 5.26 1.276 0.716 1.78 5.28 4.32 1.22 

1.6 4.27 1.268 1 0.716 1.77 7.70 5.36 1.44 

2 7.07 1.152 ! 0.840 1.37 3.60 3.54 1.02 

2 5.26 1.188 j 0.840 1.41 6.23 4.80 1.30 

2 1 4.27 * 
1.299 0.840 1.55 8.57 5.96 1.44 

Notes Averaged test results. Results with frame joint failures 

excluded. Large variation in shear cracking values for 

normally identical samples. Greatest variationzhighest value/ 

lowest value = 2.7. Design method loads calculated using 

Kadir's assumed values for u and f̂  . 
bs 

Table 7.7 Kadir's infilled frame test results. 
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Y.4 Conclusions 

The main conclusions from this chapter may be summarized as 

follows:-

(1) The design method presented gives a rational representation of 

the basic behaviour of infilled frames. 

(2) The design method is simple and is thus very easy to apply. 

(3) The design method allows for the safe design of infilled frames 

for which guidance was hitherto lacking. 
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CHAPTER 8 

INFILI3D FRAMES: CQMFD^ER ANALYSES 

5.1 Introduction 

This chapter is concerned, with the numerical stress analysis of 

infilled frames. The main problem that has to be overcome before 

any accurate elastic analysis can be produced is that of the separa-

tion cracks that usually develop on the frame-infill boundaries. 

These cracks tend to form wherever there are tensile stresses across 

the frame-infill boundaries, because the tensile connection between 

the frame and infill is usually very weak. 

The finite element program developed in this chapter allows for 

the automatic generation of these separation cracks. Using this 

program, analyses were undertaken to first check the validity of the 

design method developed in Chapter 7, and th&u to study the behaviour 

of infilled frames under combined vertical and horizontal loading. 



5.2 Development of the finite element programs to analyse infilled 

frace problems 

Two finite element programs were developed, specifically to 

a::s.l3rse infilled fraire striictures. The only difference between the 

iTO ?ortra:r: language programs was the method employed to solve the 

banded stiffness matrix. 

The prograjTs were developed with the following requirements in 

(a) that no symmetry of structure or loading need be assumed 

(b) that there should be no restriction, other than computer 

capacity, on the complexity of the structure 

(c) that there should be automatic generation of separation 

cracks on all the infill-frame interfaces 

(d) that there should be a choice of there being either a 

friction or a sliding connection between the infills %id 

the surrounding frame 

(e) that there should be a choice between having the beans 

either pin-jointed or fixed to the columns 

(f) that the frames need not all be infilled. 

The programs were developed from the final wall on beam progran. 

The basic fcjr node, two degrees of freedom per node, rectangular 

finite element was retained. The rectangular element developed by 

" "Aas not used because of the problems described in Section 4.2.3. 

Initially the routines for the development of the separation crack 

and the calculation of the beam moment and tie forces were removed 

from the wall on beam program. The program was then altered so tiiat 

the physical properties of the new structure form could be read in 

easily. The routine for the reading in of data relating to air spaces 
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was left imaltered. 

Since it was assumed, that cracking could occur on all the beam-

infill anl column-infill interfaces, the program was altered, so thab 

rows of nod.es were created, on all the horizontal and. vertical 

lines along these interfaces. The pairs of adjacent nodes on these 

lines could then be grouped into three types. The first group of 

node pairs were those that linked the various sections of the frame. 

The program was written so that these node pairs could be either 

linked permanent.ly or left free. It was thus possible, for e]cample, 

to represent a beam as being pinpointed to a col-umn by linking only 

one pair of their adjacent nodes together. The second group of node 

pairs were those on the beam-infill interfaces. The program was 

Y/ritten so that all these node pairs were initially linked. When a 

shear connection was required on these interfaces, the nodes were 

linked for both horizontal and vertical displacements, but if a no-

friction connection was required, the nodes were linked only for 

vertical deflections. The third group of node pairs were those on 

the column-infill interfaces. These were linked in a maymer similar 

to those of the second group ezcept that when a no-friction connection 

was required, the nodes were only linked for horizontal deflections. 

It was found to be more convenient to read in separately all the 

node pairs that were to be linked rather than to read in just the 

first and last nodes of a row or column of node pairs. Although the 

original data preparation using this method took longer, the continua-

tion of an analysis which had stopped through lack of computer time 

was far easier. For the larger problems, the analyses often ran out 

of computer time before all the cracking iterations, usually five or 

six, were complete. Rather than repeat the whole analysis, it was 
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possible to restart the analysis with the node pairs that had already 

separated as initially imlinked. This was easily achieved by removing 

the linking data cards for the particular nodes concerned and 

changing the two data cards that defined the nimiber of node pairs to 

be linked. 

In the wall on beam prograns described in Section 4.!̂ , nodal 

stresses were not used to determine the separation crack length on 

the wall-beam interface. This was because the nodal stress on the 

interface had indicated an oscillating wave form which was known to 

be incorrect. At the time the wave effect was detected, the finite 

element developed by Lau was being used in the wall on beam program. 

It was later discovered that the wave effect mas probably due to the 

element type rather than the nodal stress calculations. It was thus 

thought reasonable to attempt to use nodal stresses to calculate the 

separation lengths in the infilled frame programs. The infilled frame 

programs were thus developed with both nodal and centroid stresses 

being calculated. On the beam-infill interfaces, separation of a node 

pair was undertaken when the vertical stress indicated by the infill 

node became tensile, and on the column-infill interfaces, when the 

horizontal stress indicated by the infill node became tensile. This 

method of calculating the separation lengths was far simpler than 

the method used in the wall on beam progiam. To have u.sed the cubic 

extrapolation functions used in the wall on beam program, would have 

been extremely tedious because of the number of interfaces where 

separation could occur. In order that the crack lengths could easily 

be detected at each iteration stage, the stress perpendiciilar to the 

interface, for the infill node of each linked pair was printed out. 
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As previously mentioned, the difference between the two infilled 

frame programs was in the method chosen to solve the banded stiffness 

aatrix. In the first program, the method used in the wall on beaa 

program was retained, i.e. the whole of the half band stiffness 

matrix was stored in the core of the computer and this was then solved 

by the Gauss elimination method. In the second program, the half 

band stiffness matrix was stored on a magnetic disc or kape in the 

computer ani this was then transferred in small blocks between the 

disc or tape and the computer core store where the actual solution was 

computed by the Gauss elimination method. The advantage of the second 

program, compared with the first program was that far larger problems 

could be solved because only a small part of the stiffness matrix was 

occupying the core store at any one time. The main disadvantage of 

the second program was that computing time was considerably increased 

by the many transfers between the disc or tape and the core store. 

For example, each of the thirty, three storey infilled frame analyses 

described in Sections 8.5 and 8.6 completely occupied the University's 

ICL 1907 computer for about one hour. For the above reasons, the 

first program was used for all the single frame analyses, while the 

second program was used for all the multiple frame analyses. 
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8.3 Analysis of wall on beam problems with the infilled frane tro^r&m 

The method of separation used in the infilled frame progran was 

different from that used in the wall on beam progra^^ Since the 

infilled frame program could be used to analyse wall on beam problems, 

it mas thought desirable to analyse a couple of these problems In 

order that the results from the two programs could be compared. 

Two wall on beam analyses were thus conducted using the infilled 

frane program. The lengths of separation found in the two analyses 

were identical to those found using the wall on beam program. This 

resulted in identical stress and deflection results except for those 

stress results obtained by interpolation in the wall on beam program. 

These results indicated that the use of iiodal stresses to calcu-

late separation was reasonably accurate, even though the nodes were 

on a boundary between elements of different elastic properties. For 

the analyses of the basic wall on beam problem, the wall on beam 

program still had the advantage that the ivall corner stress was 

calculated using a cubic function rather than the linear function 

assumed In the element stress matrix. 
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8.4 Sinĝ le square infillecL frames imder diagonal loading' 

The results from Stafford Smith's finite difference analyses of 

infills -under diagonal loading were used in deriving the approximate 

design method. It was thus considered desirable to compare his 

sj^alyses restilts with resiiLts calciilated using the infilled frame 

program where the frame is included in the analysis. In his earlier 

analyses, Stafford Smithy assumed the same contact length on both the 

beams and oolunms of the fr^e and had no shear transfer on the infill 

boundaries. These analyses thu.8 represented infilled frames under 

diagonal loadihg with a no friction infill boundary. Using the 

infilled frame computer progr^, an ,analysis was undertaken on a 

structure which represented,as closely as possible one of Stafford 

32 

Smith's analyses . The infill was taken as 8 units high and wide 

and one unit thick. In Stafford Smith's analysis, the contact length 

was taken as 3 units. Thus for the present analysis, the frame 

strength was designed so as to give a a/h valu.e of when u.8ing Eqs. 

7.1 and 7.2. This represented a Xh value of 4.2. A diagonal loading 

of 100 units was applied to the top left hand comer of the frame by 

means of 70.7 unit horizontal and vertical loads. The bottom right 

hand corr̂ er region of the frame was restrained both horizontally and 

vertically. 

The results from this analysis (1.1) are shown in Table 8.1, and 

Figs. 8.1 and 8.2. It can be seen from Fig. 8.1 that before separa-

tion, considerable tensile stresses are foiaed which largely disappear 

when separation occurs, as ^own in Fig. 8.2. It should be noted that 

the principal tensile stress contour divisions in Fig. 8.1 are five 

times greater than thoce in Figs. 8.2 to 8.6. Stafford Sirlth's 

results. Fig. 8.3, and the present results, Fig. 8.2, show close 
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Analysis 
Ref. 

Xh 
Botmdary 
Friction? 

Central infill stresses 
w/ d Analysis 

Ref. 
Xh 

Botmdary 
Friction? T 

xy ""dt a 
y 

w/ d 

1.1 4.2 Tfo 12.5 +5.4 -6.5 .25 

1.2 4.2 Yes 8.7 +5.3 -3.3 .60 

1.3 6.3 Yes 9.6 +5.7 -3.9 .45 

1.4 15 Yes 11.1 +5.7 -5.3 1 .30 

Table 8.1 Single square infilled frames under diagonal loadin^^ 
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agreement, particularly in the central infill region, which is the 

critical area when considering tensile and shear infill failure modes. 

Differences in the stress results in the corner regions result from 

inaccuracies in Stafford Smith's assumptions on loa^ application. 

Zhese differences do not, however, affect the design method because 

the crushing failure equation was derived from model tee^ results and 

not analytical results. 

Three analyses were undertaken with infill boundary friction 

and diagonal loading. The first analysis (1.2) was with Xh = 4.2. 

When no separation occurred, two further analyses (1.3) and (1.4) 

were undertaken with lighter frames. These analyses also showed no 

separation occurring. The results of these analyses are shown in 

Figs. 8.4, 8.5 and 8.6 and in Table 8.1. The slight differences in 

the stresses in the two loaded comers is due to the level of restraint 

tha'; was found to be necessary in the bottom ri^t hand corner to 

prevent any rotation of the structure. 

The stress results indicate that as mi^t be expected, as the 

frame strength reduces and it carries less load, the central infill 

stresses increase slightly. The reduction in frame strength is also 

seen to result in increased peak corner stresses and reduced effective 

strut width. The removal of boundary friction also results in in-

creased central and corner infill stresses and reduced effective strut 

?idth. This increase in corner peak stress is due to the effect of 

the infill sliding and being jammed in the two opposite comers of 

the frame. 
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S.5 Infilled frames imder lateral loadirLg 

5.5.1 Introduction 

The most important parameters that determine the behavio-ur linder 

lateral loading of infilled frames are: frame strength; level of 

boimdary friction; infill aspect ratio; frame joint connections' 

modulus of elasticity ratio between frame and infill; and the inter-

action between connected infills. Because of their large number, it 

was not possible to undertake a comprehensive parameter study. Instead, 

selective analyses were undertaken to determine the main effects of 

these parameters. In this manner the accuracy of the design method 

could be checked and a better understanding of the basic behaviour of 

infilled frames obtained. 

8.5.2 Singrle square infilled frames 

Ten analyses were undertaken on the basic square infilled frame 

under shear loading. The loading and restraint arrangement is shown 

in Fig. 8.7 together with the infill dimensions. The E ratio between 

the columns and infill was taken as 4 and column member depths adjusted 

to give the desired Xh values using Eq. 7.2. The beam depths were 

made equal to the column depths. For the first six analyses the 

modulus of elasticity of the beams was made equal to thak of the 

columns. In the final four analyses the modilus of elasticity of the 

beams was varied to give differing beam stiffnesses. The Xh values 

considered, 3, 6.3 and 15, were chosen because Xh = 3 was thought to 

be representative of a very stiff frame, \h = 6.3 of a medium stiff-

ness frame and Xh = 15 of a very flexible frame. The level of shear 

connection on the frame-infill interfaces of an infilled frame varies 

according to the materials being used and the ratio between the shear-
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ing ani the normal forces. Sence analyses were conducted for both 

the friction and no friction cases. 

Figs 8.8 and 8.9 show the principal stress results in the infill, 

before and after separation for the analysis with Xh = 6.3 and 

boundary friction. Similarly Figs. 8.10 and 8.11 show results for 

Xh = 15 and boundary friction. It can be seen that before separation 

considerable tensile stresses develop, which largely dissipate when 

separation occurs. The after separation stress diagrams clearly 

demonstrate the basic diagcmal strut action of the infills. 

Fig. 8.12 shows the horizontal shear stress distribution for the 

X h = 6 .3 , friction analysis after separation. Although the peak shear 

stress does not occur in the centre of the infill, it can be seen that 

this is likely to be the critical region, because in the regions of 

higher shear stress, the infill shear strength is likely to have 

increased by a proportionately greater amount due to increased vertical 

compressive stresses. For comparison purposes, Fig. 8.13 shows the 

horizontal shear stress distribution produced from analysis with 

the same structure under a diagonal loading of 100 ,/2 units. Although 

no separation occurred in this analysis, the results are seen to be 

very similar to the Fig. 8.11 results in the region away from the two 

loaded corners. 

Table 8.2 shows a summary of the results from this set of analyses 

together with the values that would have been calculated using the 

design method. For the first six analyses Inivhich the beam and column 

stiffnesses were equal, it can be seen that considering the extreme 

simplicity of the design method, the analyses values and the estimated 

values are generally in good agreement. The deflection values were 

nok expected to agree because the design method was made deliberately 

conservative to account for any non-linear behaviour of the infill 
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Analysis 
reference 

. 

Xh 
Boundary 
friction? 

" 1 
Central infill stresses Frame member axial Torces Lakcral j TnTitl corner 

w/d 
Analysis 
reference 

. 

Xh 
Boundary 
friction? T xy °dt 0 y 1 

+100.0 

3 4 
ieflect i oTi 

TnTitl corner 
w/d 

Analysis 
reference 

. 

Xh 
Boundary 
friction? T xy °dt 0 y 1 

+100.0 

3 4 
ieflect i oTi 

posi 1, iotj 
1 A 

Position 
B 

2.1 3 No 14.4 +5.2 —8.7 

1 

+100.0 -9.0 — 11.4 — 10.5 1 5.18 0.22 -103.3 -114.5 

2.2 6.3 No 16.8 +6.3 -8.7 + 10 -0.3 —0,5 — 1.8 7.98 0.16 -175.3 -IA8.7 

2.3 1 15 No 16.7 +6.3 —7.9 +100.7 +0.1 +0.1 - 0.5 12.28 0.14 -247.8 -253.9 

2.4 1 3 Yes 11.6 +5.0 -7.8 +9 -29.2 -27.2 — 1b«4 3.48 0.36 -20.6 —67.6 

2.5 Yes 14.6 +6.2 -7.8 + 1C -4.7 -8.7 5.71 0.25 —46.3 -135.1 

2.6 1 15 Yes +6.2 +100.3 -7.8 — 1.1 9.14 0.25 -106 -91.8 

2.7* No +6*3 -8.7 +103.2 —0.4 -0.6 -1.5 1 7.70 0.16 -166.0 -176.9 

2.8** No 16.8 +6.3 -8.3 +102.0 —0.5 -0.6 -1.7 1 8.36 0.15 -18E -203.7 

Yes -9.0 1 +100.0 —1.4 -3.7 6.04 -50.4 -125.3 

2.10** 6.3 Ye s 14.9 +6.2 —8.2 +100.3 - -15.2 —4.5 0.24 —57'1 

Design method values 

2.1 

2.4 
3 - 17.9 +7.3 -7.5 +100.0 0 0 0 10.72 0.10 

2.2 2.8 
2.5 2.9 
2.7 2.10 

6.3 — 17.9 +7.3 —7.5 +100.0 0 0 0 11.74 0.10 — — 

2.3 
2.6 

15 — 17.9 +7.3 —7.5 +100.0 0 
1 

0 0 15.12 0.10 — — 

IMotes * Double beam stiffness 

** Half beam stiffness 

Table 8.2 Single square infilled frames under lateral loading 
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material. In the design, method a plastic crushing failure form is 

anticipated. For this reason no design method estimate can he made 

to compare with the elastically calculated comer stresses shown. Tha 

corner stresses are included in Table 8.2 to indicate the relative 

magnitude of these stresses with varying Xh values and boundary 

friction. 

Considering the stresses at the centre of the infill for analyses 

2.1 to 2.6, it can be seen that both the shear and tensile stresses 

Increase slightly with a reduction in boundary friction a^d with an 

increase in Xh. The shear and tensile stress values were,however,all 

within the estimated values given by the design method. The vertical 

compressive stress at the centre of the infill also increases slightly 

with a reduction in boundary friction, but it reduces with increasing 

Xh. The vertical stress results are all greater than the design 

method estimate, which is thus conservative. 

With regard to the frame forces for analyses 2.1 to 2.6, it can be 

seen that the design method estimates accurately the force in the 

tension column bat fails to estimate the forces in the other frame 

members. This leads to considerable errors for the stiffer franes 

with boundary friction. In the three storey analyses described in 

Section 8.5.3, the beam forces were generally below the design method 

estimates. Since the three storey analyses are probably a more 

realistic representation of the behaviour of infilled frames in 

buildings, it seems reasonable to disregard the higher than design 

bear forces in these analyses. 

The final four analyses were undertaken to investigate the 

importance of beam stiffness on frame behaviour. In analyses 2.7 and 

2.^, the beam stiffness was doubled by doubling the modulus of 
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elasticity of the beams. In analyses 2.8 ani 2.10, the beam stiffness 

"'as halved, by halving the modulus of elasticity of the beams. The 

central infill stresses are seen to bo little affected by the beam 

stiffness, with no clear trend of behaviour. Likewise, the tension 

ccl-umn force is not significantly altered, by bea.-r. stiffness changes. 

There are some changes in the other frame forces for the friction 

analyses, but these do not, however, exhibit any definite trend of 

behaviour. The deflection is seen to increase slightly with reducing 

beam stiffness for the no friction analyses, brut for the friction 

analyses, again no clear trend is evident with very little difference 

in the three results. The corner stresses generally tend to increase 

with reducing beam stiffness. However, this stress change is only in 

the order of 1^. Since a fourfold reduction in beam stiffness was 

necessary to create this 15^ stress change, the d.e8ign method assump-

tion that corner stresses are independent of beam stiffness must be 

considered reasonable. 

8.5.3 Three store.y square infilled, frames - all infilled 

Six analyses were undertaken on a basic three storey, rigid 

jointed, infilled frame structure under lateral loading. The loading 

and restraint arrangement is shown in Fig. 8.I4. ^h values of 3, 6.3 

and 15 were again considered for bobh the friction and no friction 

cases. The E ratio between the frame and infill for these first six 

anal2/'ses was taken as 4 and the frame member d.epths were adjusted to 

give the desired Xh values using Eq. 7.2. 

Figs. 8.15 and 8.16 show the principal compressive stress diagrams, 

before and after separation respectively, for the bottom infill of 

the structure with Xh = 6.3 and a friction boundary. These diagrams 
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again clearly demonstrate the importance of separation. It can be 

seen that in addition to the basic diagonal strut action of the infill, 

some compressive stress is applied by the upper beam at the right hand 

infill corner. On this contact length, considerable shear stresses 

are transferired which greatly reduces the tie force in the beam (Fig. 

3.22) . Unless the friction bond between the infill and frame is 

strong, shear failure is likely to occur on this joint which would 

result in a stress pattern more closely resembling that given by the 

no friction analyses (Fig. 8.17). Fig. 8.1? clearly demonstrates that 

when there is no effective boundary friction, the infill behaves 

purely as a diagonal stmit. 

Figs. 8.18 and 8.19 show the principal tensile stress diagrams, 

before and after separation respectively for the analysis with Xh = 6.3 

and friction. The tensile stress is seen to largely dissipate on 

separation, except in the region where the upper beam is in contact 

with the infill. If the shear strength on this joint is high enough 

to maintain the contact, tensile cracking may occur in this region. 

These high tensile stresses do not form when there is no boundary 

friction as can be seen in Fig. 8.20. Fig. 8.21 shows that before 

separation the infill acts under a fairly uniform shear stress dis-

tribution. The stmt action is clearly seen after separation in 

Figs. 8.22 and 8.23. The shear stress distrib-ution for the friction 

analysis, Fig. 8.22, shows the previously mentioned high shear stress 

on the upper beam joint. 

Fig. 8.24 shows the positions of joint contact for all the 

analyses. It should be noted that the lengths of contact will c::ly be 

given approximately by the analyses because of the relativel" ccarse 

spacing of the nodes (11 nodes per infill side). All the friction 
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(T.j; 3.5 an- 3.6) regardless of frame stiffness sho? the 

characteristics of a transfer of shear load by the beaas into the 

infills at the right hand end of the beaus. The effect of this is to 

considerably reduce the tie force in the beams. The only no friction 

analysis to indicate contact between the frane and infill in these 

positions was analysis 3.3 in which the frame stiffness was extremely 

low. Frames of this low relative stiffness ( \h = 15) are unlikely to 

occur in practice. Fig. 8.2^ indicates that generally the contact 

lengths reduce with frame stiffness as was expected. 

Table 8.3 shows the results of these analyses and includes for 

comparison, values estimated using the approximate design method. 

Considering the central infill stresses, the shear and diagonal tension 

stress results are seen to compare well with the design method estimates. 

The general tendency of these stresses is to reduce with an increase in 

frame stiffness and bomid&^f friction. The vertical compression stresses 

are higf^^ (conservative) than the design method values when there is no 

friction, but generally lower than the design method values when there 

is friction. This reduction in vertical stress is particularly notice-

able in the bottom infill. 

The design method is seen to give a reasonable estimate of the 

column forces for all the analyses. However,the correlation for the 

no friction analyses is better than that for the friction analyses. 

The beam forces also agree fairly closely for the no friction anal ses. 

The beam forces for the friction analyses are generally much lower 

than the design method values due to the shsar transfer from the beam 

to thg infill mentioned previously. In most practical cases, however, 

this shear transfer could not be guaranteed, and so no bean force 

reduction could be allowed in the beam design. 
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For all the analyses the iesign method, is conzervative as 

regard.s to lateral deflection. Some conservation was intended, so as 

t? allow for plastic behaviour of the infill and. any slight lack of 

initial fit. From the resiiLts it can he seen that the w/d ratio is 

generally increased, by an increase in frame stiffness or an increase 

in boiind.ary friction. The w/d. ratio is also seen to be gcenerally 

slightly smaller in the lower infills. This may be due to the column 

members for these infills being subjected, to proportionally higher 

axial load.s than the coliimns for the higher infills. 

The principal compressive stresses in the infill coriiers have 

again been includ.ed. in Table 8.3 in ord.er that the main trend.s can be 

seen. As expected the comer sti-esses tend to increase with a reduc-

tion in boundary friction and. frame stiffness. 

In the d.esign method., the assumption is made that the moments in 

the frame d.o not exceed. Eh/20 at any point. This value was d.eri\red 

from the results of the three storey analyses. The maximum frame 

moment was calculated, for all of the analyses and. was found to alwâ -̂ s 

occur at the base of the compression column. The maximum moment was 

found, to occur in analysis 3.9, where the beams were pin-jointed., 

\h = 6.3 &nd. there was no boundary friction, and. it had a value of 

Hh/20. Generally the moments in the frame are very small as shown in 

Fig. 8.25, where the column moments of analysis 3.5 3're plotted as a 

percentage of the moments that would occur in an uninfilled frame, 

(i.e. Hh/2). 

Three further analyses are included in Table 8.3. Analyses 3.7 

and 3.8 were undertaken ko deter'nine whether khe axial or the flex̂ jral 

stiffness of the frame was the predominant factor controlling its 

lateral deflection. In these analyses both the frame member depths 
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and. the frame E values were adjusted to give the axial flex.ijral 

stiffnesses shown in Table 8.3. The results indicate that as assujned 

in the design method, the axial stiffness of the frame is the predom-

inant factor controlling its lateral deflection. 

The final an^ysis (3.$) was a repeat of analysis 3.2 with the 

beams pinned rather than rigidly connected to the columns. The results 

indicate that the central infill stresses and the frame forces are 

little affected by the rigidity of the joint connection. The lateral 

deflection of the infill corner stresses do tend, however 

to increase when the beams are pin-jointed to the columns rather than 

rigidly connected. For analyses 3.2 and 3.9, the deflection increased 

by 13^ and the comer stresses increased by between and 2/^. 

8.5.4 Three bay square infilled frames 

Two finite element analyses were undertaken on three bay square 

infilled frames. The arrangement is shomn in Fig. 8.26 and the results 

are shown in Table 8.4 together with the design method estimates. 

The first analysis was with all the loading applied at one end 

at position X. The results clearly demonstrate that in this case, 

the loading is not distributed evenly between the three infills. The 

infill loading drops off the further the infill is from the applied 

load. The results from this analysis do nok compare very well with 

the design method estimates because of this uneven loading. (The 

design method estimates assume an even spread of loading between the 

infills). The applied loading was in fact rather unrealistic because 

wind loading buildings tends to be divided approximately equally 

between the windward and leeward faces of a building. A negative 

pressure is usually formed on the leeside of a building which is of the 

same order of magnitude as the positive pressure on the windward side. 
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Table 8 . 4 Three bay equare inflHed frames under lateral loading 
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A second, analysis was therefore conducted, with the applied load 

split evenly at points X and Y. The results from this analjfsis indi-

cate that the load is split fairly evenly between the three infills. 

Slightly less load is taken by the central infill which indicates that 

in a long series of infills the infill loading might tend to fall off 

towards the centre of the group. 

The behaviour of infilled frames connected together horizontally 

is thus largely dependent on the distribution of loading. Provided 

the loading is applied approximately equally at the two ends of a 

series of infills, or is distributed evenly by means of a floor etc., 

it should be reasonably accurate to calculate the overall strength of 

a series of infilled frames by summing their individual strengths, 

(proxrlded they are of similar dimensions) . 

8.5.5 Single non-square infilled frames 

Six analyses were undertaken on single non-square infilled frames. 

The medium stiffness frame with Xh =6.3 was considered and-the modulus 

of elasticity ratio was taken as 4̂ . h/^ ratios of between 2 and .33 

were considered for both the friction and no friction cases. The results 

from these analyses are shown in Table 8.5 together with the results 

from the two corresponding square analyses. Also included in Table 8.5 

are the values estimated using the design, method. 

Considering the central infill stresses, close agreement is found 

between the design method estimates and the analyses results when h/E 

is less than or equal to 1. For the analyses with h/g = 2, the design 

method is rather conservative for both the tensile and shear stresses. 

The tension column forces are estimated fairly accurately by the 

design method. Only in the h/̂ , = 0.33, no friction analysis does the 
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Table 8.5 Single non-square infilled frames under lateral loading 
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error exceed. 10^. Althoiigh the d.esign. method. calcLilates that no forces 

are taken, by the other frame members, the analyses indicate that iji 

some cases considerable forces do develop. The most significant of 

these forces are in the beams. In the three storey analyses described 

in Section 8.5.3, the beam forces were generally below the design 

method estimates. Since the three storey analyses are probably a more 

realistic representation of the behaviotir of infilled frames in build-

ings, it seems reasonable to disregard the higher than design beam fo.rces 

in these analyses. 

In all but one of these analyses, the design method gave a con-

servative estimate of deflection. It is interesting to note that for 

the no friction analyses, the w/d ratio reduced wikh reducing h/E , 

while for the friction analyses, the w/d ratio increased with reducing 

h/(. These analyses thus emphasise the difficulty of trying to make 

acc'jirate deflection predictions for infilled frames. 

8.5.6 Three storey square infilled frames - bottom infill omitted 

Four analyses were undertaken on thî ee storey square infilled 

frar.ies with the bottom infill omitted. The results are shown in Table 

3.6. The frame numbering etc. and loading was as in Fig. 8.14. 

Analysis 6.1 was with the basic frame and the restraints as 

analysed previously, with just the bottom infill removed. Fig. S.27 

shoTzs the compression principal stress results for this analysis. 

The two infills are seen to be acting together rather as a single tall 

infill. The results in Table 8.6 sliow a very large lateral deflection 

and the behaviour of the frame is not in general as predicted by the 

design method. 

It was considered to be unrealistic to have the bottom columns 



Analysis Ccnbral i n f i l l nbrcHMoc Frame member axial forces 0 
Rcf. \ h H 4* Rcf. \ h 

0 'H 

MlticUo ml 111 Top I n f i l l n) 0 h (D Q) rl 4 ' (,.( n! 0) 
Hi 

0 'H ^dt "̂ xy °dt 0 y 
1 2 3 4 5 6 7 8 9 

n) 0 h (D Q) rl 4 ' (,.( n! 0) 
Hi 

c T) R P 

6.1 No 17.2 - 7»2 -55.5 19.3 +9.8 -41.7 + 151.0 0 +237.5 +161.0 +304.0 -304.0 + 33.3 +4'̂ .7 ihO.!) 447.4 -471.4 - I ' l l . 5 —̂ jj.4 

6.2* 6.3 No 30.3 + 8.3 —21 ,Y 10.1 +4.5 - 7«4 + 59.4 +0.7 +232.5 +3.6 +258.1 -258.1 + 0.8 +57.9 149.1 90.0 -406.1 -453.5 -78.8 -99.6 

6.3** 6.3 No 27.2 + 12.1 —13.7 9.2 +4.1 - 4.9 + 50.5 +0.1 +201.0 -49.7 +193.2 -193,2 +0.2 +4=̂ .9 -97.5 21.9 -271.9 -260.2 -87.1 -91.6 

No 30.8 + 9.2 —21.1 10.2 +4.4 — 8.4 + 57.1 + 1.1 +230.0 - 1.3 +250.0 -250.0 + 0.6 461.7 +50.2 99'0 -512.5 -473.7 -79.7 -139.3 

Design method values 

6.1 
6.2 
6.3 

1 6.4 

6.3 - 26.8 +10.9 —11.3 8.9 +3.6 - 3.8 +50 0 +200 -50 - - 0 +50 — - - -

l̂ otes * 

*** 

Stiffened bottom columns 

, horizontal le t f loor level res t ra in t 

, pin-jointed beams 

Tablo 8.6 Throe otoroy squaro infi l led, frames with boktom i n f i l l omitted under l a te ra l loading 



201 

30 Zy O O O 

50 »00 

FIG, COMPbUDSSIVE 3DRESS COMTUHRS FOR ;R ANAL-SI 



202 

the seme stiffness as the other coluims when there was no bottom 

infill. In analysis 6.2, the bottoai coltmn stiffness was increased 

by a factor of ten. The results from this a;ialysis show the behavioiir 

of the structure returning towards that predicted by the design method. 

In analysis 6.3, a horizontal restraint was applied to the compression 

ocl'jnn at first floor level, in addition to having the columns stiffened 

as in the previous analysis. Fig. 8.28 shows the compression principal 

stress results for this analysis. The two infills are seen to be acting 

separately in this case, each with its own diagonal strut actions. The 

results in Table 8.6, show that the structure is now behaving entirely 

as predicted by the design method. 

The final analysis, 6.4, was for a structure with pin-jointed beams 

and stiffened bottom columns, but no horizontal first floor restraint. 

The results were similar to those obtained previously with other pin-

jointed beam analyses i.e. some increase in corner stresses and deflec-

tion, but little change in the frame forces and central infill stresses. 

The main conclusion from this section is that the behaviour of the 

structure is largely dependent on the level of restraint to be found 

at the bottom of the first infilled panel. Unless the structure is 

restrained fairly rigidly at this level, the beliaviour of the infilled 

panels above is likely to be unpredictable. 
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infilled, frames under combined lateral and vertical loadine 

3.6.1 Introduction 

Infilled frames are often subjected to vertical loading in 

addition to lateral loading. The vertical loading is due to floor 

loading being transmitted to the beams of the infilled frames. IJn-

fortunately it is very difficult to analyse accurately the effects 

of vertical loading in infilled frames, because th^ division of load 

between the frame and infill is very dependent on the initial fit of 

the infill, the differing rates of creep of the frame and infill 

materials and the degree of shear connection between the frame and 

infill. The stage at which the infill is constructed will also affect 

the distribution of loading between the infills and columns and the 

moments in the beams. If the building frame and flooring is con-

structed before the infill is built, the infill will carry far less 

vertical load than if the infill is built as the building frame is 

constructed. To further complicate the problem, the behaviour of the 

structure is non-linear due to the boundary separation. Th^ results 

from analyses for horizontal and vertical loading separately cannot be 

superimposed to provide the solution for combined loading. 

Because of the above complications, the results from the following 

analyses could only be used to give a very conservative design estimate 

for combined loading behaviour. A considerable amount of further work 

would be required to give a more accurate method of combining the 

effects of vertical and horizontal loading. 

8.6.2 Single square infilled frames 

Five analyses were undertaken on square infilled frame structures 

loaded under differing combinations of vertical and lateral loading. 
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The arrangement of the restraints is shown in Fig. 8.T ani is similar 

to that used in Section 8.5.2. The modulus of elasticity ratio 

between the columns and infill was again taken as 4. The lateral 

loading was taken as in Fig. 8.7. The vertical loading was taken as 

100 units and was uniformly distributed along the top beam. 

The results from the analyses are shown in Table 8.7. These 

results should be compared with the results in Section 8.5.2 for which 

the structures were only loaded laterally. Figs. 8.2$ and 8.30 show 

the principal compressive stress results for analyses 7.1 and 7.4 

respectively. It can be seen that for the vertical loading only 

case, with no boundary friction, a wall on beam type situation exists, 

but that for the combined loading case, the diagonal strut action 

returns with increased lengths of contact. Figs. 8.31 and 8.32 show 

the principal compressive stress results for (analyses 7.2 and 7.5 

respectively. For the vertical loading case, analysis 7.5, where 

there is boundary friction, the load is transferred by shear into the 

columns over a considerable length and a wall on beam mode of behaviour 

does not occur. Again a diagonal strut action is seen to develop when 

lateral loading is applied. 

Comparing the results for vertical and lateral loading (Table 8.7) 

with the results for lateral loading only (Table 8.2), the following 

general conclusions can be drawn. With regard to central infill 

stresses, the stress is little affected by vertical loading 

while the vertical stress is considerably increased and the diagonal 

tensile stress slightly reduced. Tihe vertical load in these analyses 

has the effect of reducing the top corner infill stress while increas-

ing the bottom corner infill stress. The vertical loading reduces t/ 

lateral deflection of the structures. 
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For vertical loading only, the distribution of the load between 

the columns and infill depends on their relative axial stiffnesses. 

This does not however occur, when lateral loading is introduced. If 

the lateral loading is high enough, as in these analyses, to create a 

separation crack on the windward side of the bottom beam joint, then 

approximately half the vertical load is transferred directly into the 

windward column. This has the effect of reducing the tensile load 

in the column. The proportion of the vertical load carried by the 

leeward column is also increased by the application of lateral load. 

The amount of this increase is seen to be dependent on the level of 

boundary friction with, more load being taken by the column for the 

friction analysis. 

8.6.3 Three storey square infilled frames - all infilled 

Seven analyses were undertaken on three storey square infilled 

frame structures, loaded under differing combinakions of vertical and 

lateral loading. The restraint arrangement is shown in Fig. 8.I4 a^d 

is similar to thak used in Section 8.^.3. Ĥhe modulus of elasticity 

ratio between the columns and infill was taken as 4 and the lateral 

loading was as in Fig. 8.I4. T^o vertical loading configurations were 

considered. The first had a load of 100 units uniformly distributed 

on each beam and the second had a load of 300 units on each beam. The 

second loading pattern was introduced because it was thought that the 

ratio of vertical to horizontal loading likely to occur in practice 

was in the order of 3. 

The results from the analyses are shown in Table 8.8. These 

results should be compared with the results in Section 8.5.3 where the 

structures were only loaded laterally. Fig. 8.33 shows the positions 

of joint contact for all the analyses. 
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FIG. 8.33 LmGTHS OF CXDNTACT FOOITD m AmLYSES 8.1 to 8.7 
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Again it should, be noted that the lengths of contact will only be given 

acprozimately by the analyses, because of the relatively coarse spacing 

of the nodes. Comparing the lengths of contact shmm in Fig. 8.33 

%lth the results for lateral loading only shown in Fig. 8.24, the 

contact lengths on the beam joints are seen to be increased by 

vertical loading, whilst those on the column joints show no definite 

trend of change. The strut action of the Infills is seen to be more 

clearly defined in the lower infills than in the top infill. This is 

probably caused by the fact that the forces due to vertical loading 

increase linearly down the structure, whilst the forces in the columns 

due to lateral loading increase more rapidly. 

Comparing the results for vertical and lateral loading (Table 

8.8) with the results for lateral loading (Table 8.3), the following 

general conclusions can be drawn. With regard to the central infill 

stresses, the shear stresses for the no friction analyses are slightly 

increased by vertical loading, whilst for the friction analyses the 

shear stresses remain unchanged or are reduced slightly. The central 

infill vertical stress is increased by the vertical loading and this 

more than compensates for any increase in shear stress with regard to 

strength considerations. The diagonal tensile stress is reduced by 

the vertical loading. The corner infill stresses are also affected 

by the vertical loading with the bottom corner stresses being increased 

and the top corner stresses being reduced. The in^rtical loading 

reduces the lateral deflection of the structures. 

The beams of the frames are not affected by vertical loading 

for the no ft^ction analyses, but some compression force increase 

occurs in the beams for the friction analyses. In all the analyses, 

the vertical loading increases the compression force in all the 

columns. In the case of the windward columns, this has the effect of 
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reducing the tension force. The proportion of the vertical force 

carried, by the columns is seen to vary with the level of boundary 

friction and the position and axial stiffness of the columns. For 

the no friction analyses, the proportion carried by the tension 

oolujms is not very dependent on their axial stiffness. 

8 , 6 . 4 Three storey square infilled frames - bottom infill omitted 

Eight analyses were undertaken on three storey square infilled 

frames with the bottom infill omitted and loaded under differing 

combinations of vertical and lateral loading. The structures were 

similar to those considered in Section 8.5.6. The loading configura-

tions applied were those used in Section 8.6.3. 

The results are shown in Table 8.9. The results indicate similar 

effects to those found in the lateral loading analyses of Section 8.5.6 

in that the basic behaviour of the structures is mainly dependent on the 

degree of first floor level lateral restraint. Considering the vert-

ical loading analyses and comparing the restilts with those in Table 

8.8, it is seen that the removal of the bottom infill considerably 

increases the bottom comer stresses of the infills for the no friction 

analysis, but little change occurs for the friction analysis. The 

rigidity of the beam connections is seen to be relatively unimportant 

when there is only veirkical loading in that the results from analysis 

9.6 with pin-jointed beams are very similar to those from analysis 9-5 

with rigidly connected beams. The only significant difference occurs 

in the first floor beam, nAiere the tensile force is almost halved in 

the pin-jointed beam analysis. 

Comparing the results from analysis 9.3 with combined vertical 

and lateral, loading and first floor lateral restraint with those from 
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the lateral loading only analysis 6.3 (Table 8.6), it can be seen thak 

for the central infill stresses, the shear and. diagonal tension 

stresses are reduced while the vertical compressive stresses are 

increased when vertical loading is applied. The lateral deflection 

of the structure is also reduced. The only corner infill stress 

significantly increased by the addition of vertical loading is thak 

in the infill corner immediately above the omitted infill. 

8.6.5 Inclusion of vertical loading into the design method 

As previously mentioned, many parameters control the behaviour 

of infilled frames subjected to combined vertical and lateral loading. 

These parameters have not been comprehensibly investigated in the 

preceding sections and therefore only very approximate, but conserva-

tive recommendations can be given here for including vertical loading 

in the design method developed in Chapter 7. A much more detailed 

study would be required to improve upon these recommendations. 

Considering the infill stresses, the application of vertical 

loading to the laterally loaded structures has had the effects of 

reducing the central infill shear and diagonal tensile stresses, whilst 

increasing the central infill veirkical compressive stress and the 

bottom infill comer principal compressive stress. These stress 

changes will result in increased failure loads for the shear and 

tensile modes of failure and reduced failure loads for the compressive 

cozi:er failure mode. The increase in the corner stresses varies 

greatly with the type of structure and the position of the infill in 

tho structure. For example for the three storey struct ires analysed 

in Section 8.6.3, the increase in corner stress in the bottom infills . 

was less than 7?̂ . whilst the increase in the top infills was up to 

100^ for the no friction analyses. For the friction analyses, where 
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the comer stresses are much lower, the increase in the comer stress 

in the top infill was even higher. 

A s a regult of these findings for infill stress chsn^es, it is 

suggested that the following modifications are made to the approximate 

design method derived in Chapter 7, when vertical loading is to be 

considered. For the shear failure mode, the lateral failure load 

shoiild be taken as given in Eq. 7.^4. For the compression corner 

failtzce mode, the lateral failure load should be taken as one half of 

that given by Eq. 7.2^, when the vertical loading is between one half 

and three times the lateral loading. The halving of the Eq. 7-25 load 

is not as restrictive as it might at first appear, because for the 

lateral loading only cases, Eq. 7.25 is not usually limiting. For 

vertical loading less than one half of the lateral loading, the 

lateral failure load should be taken as that given in Eq. 7.25. 

Vertical loading greater than three times the lateral loading is beyond 

the scope of the present work. 

The lateral deflection of all the structures was reduced by the 

addition of veirbical loading. Thus a conservative estimate of lateral 

deflection can be obtained by using the design method of Chapter 7 

and ignoring the vertical loading. 

Considering the frame forces, it is suggested that these can be 

estimated conservatively in the following manner. The forces should 

first be calculated by assuming only lateral loading and using the 

design method of Chapter 7. The design beam forces for combined 

loading can be taken as these values. The design force for the columns 

should be taken as the highest value of the following forces: 

(a) the force calculated above, (b) the force calculated assuming the 

vertical load bo be c-icric'd entirely by the colunirs, ani (c) the siim 

of (a) and (b). 
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Coziclusions 

The main conclusions from this section of work can he summarized, 

as follows:-

(1) The computer programs d.eveloped. appear to give a fair representa-

tion of the elastic behaviour of infilled, frames even after boundary 

cracking, provided that a good initial fit of the infills is achieved. 

(2) The lateral load analyses indicate that the design method of 

Chap'er 7 gives a fair representation of the behaviour of infilled 

frames and conservative estimates for the forces, stresses and 

deflections in infilled frames. 

(3) The i-ecommendations for the inclusion of vertical loading into 

the design method of Chapter 7 contained in Section 8.6.5 con-

servative and simple, but very approximate. A far more extensive 

and detailed study would be required to make more precise recommenda-

tions. Stricter building controls would also be essential, because 

infilled frame behaviour under vertical loading is far more sensitive 

to initial fit and frame pre stressing than is its behaviour under 

lateral loading. 
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CHAPTER 9 

INFILLED FRAMES; DIAGONAL CQKPBESSIQN TESTS 

9.1 Introduction 

One mode of infilled frame failure indicated in the previous 

chapters was that of diagonal crushing in the corners of the infill. 

To the best of the author's knowledge, no tests have ever been con-

ducted to investigate the compressive strength of masonry under diag-

onal loading, with the type of restraints found in infilled frames. 

The results from masonry infilled frame tests have normally been 

related to the vertical strength of the masonry. 

The tests described below were undertaken to try to determine 

a relationship between the diagonal failure strength of masonry and 

its vertical strength as measured by a standard wall test. The 

3quipment for these tests was designed and built at the University of 

Southampton. The testing was carried out at Redland Research and 

Development Ltd. under the supervision of Dr. E. Barker. The author 

wishes to record his appreciation for the h&Tp given by Redland 

Research and Development andllr. Barker. 

At the time of writing, the test programme had not been completed. 

A considerable number of additional tests are required to give 

adequately comprehensive information. 
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9.2 Design of apparatas 

In designing the test equipment, the following points had to be 

considered. 

(1) When corner failure occurs in an infill, the adjacent beam and 

3olumn are in contact with the infill over a definite "length of 

contact". In the diagonal loading tests, this form of loading had to 

be represented as accurately as possible. 

(2) For the small sample sizes that were to be considered in these 

tests, considerable restraint had to be applied in order to prevent 

any shear or diagonal tensile failure in the samples. 

(3) Corner compressive failure as a primary mode of failure is only 

likely to occur for low strength masonry. 

The testing apparatus designed on the basis of these considera-

tions is shown in Plate $.1 and Fig. 9.1. The diagonal loading was 

applied by the two corner bearings at the top and bottom of the sample. 

The length of side of the bearings was intended to represent the "lengtl 

of contact" between the beam or column and the infill. The load was 

applied by a 50 Tonne hydraulic jack at the top. The surrounding 

reaction frame was designed to withstand this 50 Tonne maximum load. 

In order to prevent shear or diagonal tensile failure in the samples, 

the horizontal diagonally opposite corners oF the sample «%re rigidly 

clamped together using the specially designed, clamp shown in Plate 9.1, 

Fig. 9.1. This clamp was designed to be rery stiff so thab little 

spread of the sample and thus no diagonal cracking would occur. The 

clamp was suspended from the top of the reaction frame so that no 

vertical load was applied to the test sample. 
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Plate Diagonal compression test apparatus with 
two brick square sample 

Plate 9.2 Diagonal compression test apparatus with 
three brick square sample after failure 
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FIG. 9.1 TESTING APPARATUS FOR DIAGONAL COMPRESSION TESTS 
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$.3 Tests completed 

Initially a total of twelve square samples were tested to check 

the effectiveness of the apparatus. These included three brick strengths 

s,ni two sample sizes, which were 2 bricks wide by 6 bricks high and 3 

bricks wile by $ bricks high. The loading corners used in these tests 

had side lengths of 200 mm. These tests indicated that variations in 

the initial tightness of the clamp did not significantly affect the 

strength of the samples, provided the clamp was tight enough to prevent 

any shear or diagonal tensile failure. 

In order to compare the vertical and diagonal strength of the 

masonry, it was necessary to obtain for each diagonal test a corres-

ponding value of vertical strength. Appendix C of the "Draft British 

Standard Specification For the Structural Use of Masonry Part 1: 

65 

Hnreinforced Masonry" gives details of a standard wall test that can 

be used to determine vertical masonry strength. For each test series 

conducted subsequent to the initial tests, sing^^ leaf walls 6 bricks 

wide by 27 high were constructed and loaded vertically to failure 

to determine the vertical strength of the masonry used in the diagonal 

tests. This wall size conforms with the recommendations given in the 

draft code. 

Only one set of diagonal tests has been completed at the time of 
2 

writing, these were conducted on masonry built with bricks of 10 MN/m 

and 1:1:6 mortar. The set of tests consisted of 5 square samples 

2 bricks wide, 6 courses high and 5 square samples 3 bricks wide, 9 

courses high. In addition 3 of the larger malls were constructed and 

tested to obtain the vertical masonry strength. Loading coriers with 

200 mm. side lengths were used in these diagonal tests. 

The results from the diagonal loading tests are shown in Table p.1 
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Sanple 
Size 

Sample 1 Failure 
Number ; Load Tonnes 

Diagonal 
Strength T/m 

Diagronal Strength 
&v. Vertical Strength 1 

1 2 bricks 
1 ^ide 

1 ̂  by 
I 6 courses 

high 

1 ! 20.4 

2 ; 21.4 

3 i 25.5 

4 ' 19.4 

5 ! 24.5 

721 

756 

901 

686 

865 

1.63 

1.71 

2.04 

1.55 

1.96 

1 2 bricks 
1 ^ide 

1 ̂  by 
I 6 courses 

high 

Average ; 22.2 ; 784 1.78 

3 bricks 
wide 
by 

9 courses 
high 

1 

2 

3 

4 

5 

19.4 

18.4 

19.4 

22.4 

27.5 

686 

650 

686 

791 

972 

1.55 

1.47 * 

1.55 

1.79 

2.20 

3 bricks 
wide 
by 

9 courses 
high 

Average 21.4 756 1.71 

Table $.1 Besvlts from ]̂ )cKUĵ  tests 

Sample Sample Failure Vertical ^ | 
Size Number Load. Tonnes Strength T/m 

6 bricks wide 
1 56 421 

by 2 58 436 
27 bricks high 

3 62 466 

Average 58.7 441 

Table 2 Results from vertical loading tests 
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and those from the vertical wall tests are shown in Table 9.2. The 

results in Table 9.1 indicate that the smaller samples were on average 

slightly stronger than the larger samples. The difference however is 

very small compared with the deviation of results within each sample 

size. This is important because for the information obtained from 

these tests to be relevant to full size infills, the results must be 

independent of sample size. One difference between the two sample 

sizes was their failure modes. The larger sam.ple8 tended to crush 

only in the loading comer region as shown in Plates 9.2 and 9.3 whilst 

the smai.ler samples tended to crush over virtually their whole area. 

For vertical loading, the area of loading is well defined. 

Unfortunately for the form of loading used in the diagonal loading 

tests, no area of loading is clearly defined. For the purpose of these 

tests, the area of loading will be defined as the cross-sectional area 

of the infill between the ends of the two lengths of contact. 

2 
Thus the loading area = 0.2 x y 2 x 0.1 = 0.0283 m . 

The average strength of the ten samples = 21.8 Tonnes. 

2 
Thus the diagonal failure stress = 21.8/0.0283 = 770 Tonnes/m . 

Considering the vertically loaded walls 

The area of loading = 0.1 x 1.33 = 0.133 m^ 

The average failure load = 58.7 Tonnes. 

2 

Thus the vertical failiire stiress = 58.7/0.133 = 441 Tonnes/m . 

Comparing the diagonal and veirtical strengths 

diafconal strength _ 770 _ ^ -y'S 
vertical strength " 441 ^ 

These initial results indicate that the diagonal strength of 

masonry is considerably greater than its vertical strength when the 

loading is of the type experienced in infilled frames and the loading 

area is defined as above. 
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Plate 9.3 Three brick square sample after failure 
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$. 1 P-iirther testing 

Several further sets of tests are planned, in which different 

parameters will be varied. The strength of masonry and the type of 

brick, e.g. frogged, perforated, will be varied to see if a constant 

ratio between the diagonal and vertical strength exists. The size of 

the loa'iing comers will also be varied to see if scale effects are 

important. Finally non-sq;;iare samples will be tested to assess the 

effects of changes in the angle between the loading line and bedding 

-plane. 
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9.5 Conclusions 

The main conclusions from this section of work can be summarized 

as follows: 

(1) The tests completed up to the time of writing indicate that the 

diagonal strength of masonry is greater than its vertical strength, 

when the diagonal loading is of the type &rperienced in infilled frames 

and the loading area is defined as the cross-sectional area between 

the snds of the two lengths of contact. For khe tests completed, the 

diagonal strength was approximately 75^ greater than the vertical 

strength. 

(2) Further testing is required before final conclusions regarding 

diagonal compressive strength can be reached. 
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CHAPTSR 10 

GENERAL COFCinSIONS 

The main conclusions from the work contained in this thesis can 

be summarised as follows: 

(1) The methods presented for the design of vertically loaded masonry 

^alls supported on encased steel beams are simple to apply. They can, 

hovever, be very conservative , if the beam has a high level of support 

rotational restraint and the wall is continuous past th^ support. 

(2) The method presented for the design of laterally loaded infilled 

frames is also very simple to apply. The recommendations for the 

inclusion of vertical loading Into the design are very conservative. 

To improve upon these recommendations, a far more detailed and ex-

tensive study would be required. Stricter building controls ?c^ld also 

be essential, because infilled frame behaviour under vertical loading 

is far more sensitive to initial infill fit and frame prestressing 

than is its behaviour under lateral loading. 

(3) The finite element programs developed will give a good indication 

cf the elastic behaviour of walls on beams and infilled frames, even 

after boundary cracking. The analyses completed indicate that boundary 

cracking significantly affects infilled frame behaviour, while for walls 

on beams, the only parameter that has been found to be greatly affected 

by boundary cracking is the beam deflection. 

(4) The finite element analyses of the basic ivall on beam structure 

have produced equations that relate the maximum stresses, forces and 

moments in the stiructure to the dominant controlling parameter. 

Although these equations differed to some extent from the equations 
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assumed in the design methods, these differences did not necessitate 

a^y alteration to the design methods. To obtain similar equations for 

^all on beam structures, where the beam is subjected to support rota-

tional restraint and the wall is continuous past the support wo^ld 

require a very extensive series of analyses, because of the large 

number of controlling parameters. 

(5) The finite element analyses of infilled frames unck^ lateral 

loading have indicated that the equations assumed in the development 

of the design method were reasonably accurate. Only in the case of 

the central infill vertical stresses were the differences significant 

enough to necessitate changes to the design method. 

(6) The initial diagonal compression tests have indicated that the 

compressive strength of masonry fith infill type loading is in the 

order of 75^ greater khan its strength under standard vertical loading. 

Many more sets of tests are required, however, before final conclusions 

can be reached. 
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APPENDIX A %AI^ ON BEAM GOMPnTER PROGRAM 

SCOPZ: 

FACILITIES: 

OUTPUT: 

The computer program was used to analyse symmetric wall 

on beam problems. The left hand half of the structure 

is analysed. 

1. Concentrated loads can be applied at nodal points. 

2. Non-zero displacements can be applied at nodes. 

3. Generation of node and element connectivity is 

achieved automatically. 

4. The wall can be continuous past the end of the 

beam and can continue below the beam level. 

5. Separation cracking on the mall beam boundary 

is automatically generated. 

Printing of input data. 

Element conaectivity. 

Displacements at nodel points. 

Stresses at element centroids. 

Extrapolated stresses on wall-beam boundary. 

Tie force and moments along length of team (optional). 

DATA INPUT INSTRUCTIONS: 

A. Problem number card (l2) 

Column Variable name 

i - 2 imo 

B. Problem description card (10 13) 

1-3 NEL 

4-6 NN 

7-9 im&N 

Description 

Problem number 

Number of elements 

Ifumber of nodes 

Number of restraint: 
or applied displace: 
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1 0 - 1 2 

13-15 

16-18 

19-21 

22-24 

25-27 

28-30 

FLOADC 

NTYPE 

1% 

LY 

i m 

i m 

M m 

Set to 1 

Number of elements in 
zc-direction 

Chamber of elements in 
y-direction 

Set to 1 

Number of nodes in 
x-direction 

C. Element dimensions in z-direction cards (F8.2) (iX cards) 

Horizontal dimensions 
of elements in order 
from left 

D. Element dimensions in y-direction cards (P 8.2) (LY cards) 

1 - 8 Dl,Y(l) 

E. Material properties card (7^6.2, 213) 

1 -6 DZ 

7 - 1 2 EB 

13-18 

19-24 

VB 

EE 

25-30 

31-36 

37-42 

V2 

EC 

Vertical dimensions of 
elements in order 
from bottom 

Thickness of elements 

Brick or wall modulus 
of elasticity ]B 

b 

or mall Poisson's 
ratio V, 

b 

Ratio E /E^, (E = 
nr b' ^ m 

imortar modulus of 
elasticity)(Set to 1 if 
homogeneous wall) 

Ratio V /v., (v = mortar 
m' b' ^ m 

Poisson's ratio)(Set to 
1 if homogeneous wall) 

IBeam modulus of elast-
icity 

Beam Poisson's ratio 
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43-45 NC Last beam element 

46-48 JKRS Last beam node 

F. Number of mortar elements per row cards (l3) (LY cards) 

1-3 NEH N̂umber of mortar elements 
in each horizontal row in 
order from bottom (Blank 
card if homogeneou.s wall) 
(Repeated with G cards if 
non homogeneous wall) 

G. Mortar element position cards (l3) (EER cards, required only if 
0 < NER-< LX) 

1-3 NERP Mortar element position, 
referenced to the lowest 
row of elements 

H. Ntmber of rows of air space card (l3) 

1-3 K Number horizontal rows 

of air space elements 

I. Air space element position cards (213) (E cards) 

1-3 L First element of air space of rct 
considered 

4-6 M Last :row of air space of 
row considered 

J. dumber of rows of beam card (l3) 

1-3 K N̂umber of horizontal rows 
of beam elements 

K. Beam element position cards, (̂ | 13) (K cards) 

1-3 I: First element of beam of 
row considered 

4-6 M Last element of bear of 
row considered 

L . Number of applied loads card (I3) 

1-3 NALOAD Number of applied loads 
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K. Load information cards (2 13, F 8.3) (RAIOAD cards) 

1-3 Node number at which load 
is applied 

4-6 M2 Direction of load, 
1 = x-direction 

2 : y-direction 

7-14 E3 Magnitude of load 

Restraint or applied displacement cards (2 13, F 10.7)(MEN cards) 

1-3 Node number at which 

restraint or displacement 
is applied 

4-6 N2 Direction of restraint or 
displacement, 1 = x-direction 

2 = y-direction. 

7-16 DISP jMagnitnde of displacement. 
If restraint, leave blank 

0. Information for calculation of beam moments and tie force card 
(II,ZF 10.3, 2 13) 

1 KT Are moments and tie forces 
in beam required? 
IzzYes (Only permissible 
if 2 rows of elements in 
beam) 
Blank card =No 

2-11 WT Load to be considered on 
full span of beam 

12-21 TU Length of full span of beam 

22-24 IT First element of beam on 
bottom row 

25-27 last element of beam on 
bottom row 
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5 
6 
( 
* 

V 
IV 
11 

1 4 
1 5 
16 
1 f 
10 
IV 
ZU 

£ 4 

*a 
<v 
Au 

3i: jj 

)4 

36 

3* 
jV 
4U 
41 
4«( 
4 ̂  

LIST LP 
PROGRAM (G4PN) 
EXTENDtO DATA 
INPUT > =CNU 
UUTPUT 6 » LPU _ 
COMPRESS INTEGER^AMU IWQfCAi' 
(NO 

1 
<OBO 

<0M1 

2*9 

MASTER PEMSA 
COMMON /CnATA/NEL/NN,NRNlNLOADC,NfYPE,NEN,NNp/N*W,MDN,NN$ 

1,M0NA,MDNN,NRkP,NC'lX'KT,WT,TL,IT,VT 
C0MMVN/CEL/ELA(/55;,ELY(d>5),ELZ(d>5),kEE(Z5S),VVV(d55) 
CUMMON/CEST/NCON(Z?>,4;,NR(6V),ALUAD(6U*,d),*KA(6Ue,J*),U(00*) 
READ (>,<OOU) NO " 
FORMAT (Id) 
IF (NO.LU.U) GO ro k 
WRITE (6,ZVBi; NO 
FORMAT (1H1,4UX,'PMUBLEM' 
CALL SETUP 
CONTINUE 
CALl ASSEMBLE 
CALL STRESSES 
|F(NREP.EQ,1)G0 TO d W 
QO TO 1 
STOP 
BND 

SUeRUUTlNE SETUP 
COMMUN /CDArA/NEL,MN,NRN,NLOAPC,NTYPE,NEN,NND,NBW,MDN,NNS 

1,MuNA,MDNN,NREP,NC'LX,KT,wr,TL,lT,JT 
CUMMUN/CEL/kLX(d>5',ELY(d>5),kLZ(4)5),EEE(db)),VVV(<5>) 
CUMMUN/CEST/NCUN(f35,4),NR(AU;,ALOAD(6Ua,d),*KA(6VU,3o;,U(6Ua) 
DIMENSION ULXl1)J,WLY(1f) 
READ(b,ZUu1;NEL,NN,NRN,NlOADC,NTYPE,kX,LY,INN,|EN,MDN 

<WU1 FORMAT* lOia) 
DO yuv 1=1,LA " 
READ (>,youV) DL*(*; 

yooo FOkMAT (FG,4) 
9U0 CONTINUE 

44 DO VU1 1*1,LY 
45 READ (>,y0U1) DLY(l) 
46 VOUI FORMAT (F8,d) 
4f yui CONTINUE 
48 READ (),yOU/) 
4Y VUUd FORMAT (fFA.d, 
>U DO YUa I»1,LY 
>1 DO VV4 JK1,IX 
>4 k=(l-i;#LX+J 
>3 kLX(K)=DLX(J; 
>4 ELZ(K)=D/ 
>) EEt(K)=EW 
»6 VVV(K)=VW 

VU& EIY(K)=ULYII) 

DZ,Eo,VB,ER,VR,EC,VC,NC,NNS 
dia) 
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>0 - READ (b,VOua; AEN 
)V VUU3 fUkMAT (|j) 
*U IF (NEN.EO.U) UO TW y u j 
01 IF (Lx-Ntp) v u o , y o o , y o > 

yu5 OU YVW J=1,N&R [ 
6j READ (),yQU6) NEHP" 
@4 W 0 U 4 FURMAT (I J) 
&) Ksil'lJ+lX+NtRP 
66 EEE(K):ER#kB 
Af " VVV(K)"VR*VU 
*# 9 U * CONTINUE 

PU 9U6 po yio 
n K=(i"i)*ix*j " " 
fd EEE ( K ) « E k * k 0 
yj vvv(K),vR*vi'i 
/4 VIU CUNTINUE 
V ) 9 U j CONTINUE 
f8 R E A P ( b , 9 U 0 5 ) K 

-fy VOOS F U R M A T ( 1 4 ) 
yo IF (K.EW.u; QO TU V16 
fV " PO VIZ 1=1,K ' 
#U NEAD(5,yU06)l,M 
ei you6 FURMAT(«!ij; 

DU y i j J«L,M 
ea via EEE(J)=U.UUUVU1 
04 yiz CUNTINUE 
a> 916 CONTINUE 
*6 N E A D ( > , V V U > ) K 
or PO 9 1 4 1*1,K 
*B R L A P ( > , V V O O ) L , M 
#V (,0 J = L,M 
yu kEE(4)=EC 
VI yi5 VVV(V)=VC 

yi4 CONTINUE 
ya NEN*4 
yt NND"d 
9 i 
y6 DO 5U |» 1,NC 
y/ " K=|+|EN-1 
yo b1 N C D N ( K , 1 ) « ( I N N - 1 ) * l ( L X + 1 ) * I " 1 ) / l X 
yv NLON (K,Z)=NC0N(K,y)*1 -

1UV NCON(K,A)= N C O N ( K , g ; + M U N 
101 - N C 0 N ( K , 6 ) = W C U N ( K , 1 ' + h P N 
1V< 50 CONTINUE 
l O j JJ«NC+1 
104 J#LX*LY 

10> PU 30U K=JJ,J ' " " ^ 
106 N C 0 N ( K , 1 ) = l l N N - 1 ) * i ( l X + 1 ) * K - i ; / L X + M D N 
lUf NCON (k,4)=NCUN(k,t;+1 -
IVM NCON(K,j)e N 1 0 N ( K , ( ; + M D N 
TOY N C 0 N ( K , 4 ) « N C U N ( K , 1 / + M D N 
11U jUU CONTINUE 
111 WRITE (A,2UU4) ' 
lid <004 F U k M A T l j b X , ' F I N I T E kltMENT 4 - 0 A N A L Y S I S ' / / ) 
1ia WRITE (6,^UU>) N k L ' N N , m H N , N l O A U C 
114 dOUb »UKMAT(>*,'NU up RRLTANbWLAN ELEMENTS ';|j/ 
11) 1>X,'NU OF NODES ',ia/ 
116 Z )X,'NO OF HkSTRAINTS '(IJ/ 
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11 r 
1 1 0 
iiy 
K u 
141 
1<< 
1*4 

" 1<t 
14> 
1<* 
l^f 
1 <8 
14V 

'i:u 
1 ji 
1 j«! 
1 jj 
1 34 
U ) 
14* 
1 jf 

U * 
l^v 
16U 
1 41 

14«! 
144 
1 44 

1 4b 
1 46 
14/ 

14* 

1 4V 

1>U 
1 ) 1 
1 >4 
1 54 
1>4 

1>5 

1 >6 
15/ 
i»a 
1 »y 
160 
1 6 1 
led 
1*4 

' # 1 * / ) j>X,'NO OF APPilEU LUAD CASE* 
IF (NTYPk-1)>4,b4,;) 

>4 WRITE (6,ZUU0) 
y - - ' 

5 WRITE (6,/UUr) 
56 CUMTINuE ^ 

CL)U6 FUKMAT (5X#' PLANE S T R E S S ' / / ) 

FUKMAT O X , ' PLANE S T R A I N ' / / ) 
WRITE(6,40Ua) 

dVU* FUKMAT(/lOXf'UONNELTIVITY ANp DIMENSIONS OF NECTANGUL** 
1 ELEMENTS'//>%,'EL.MU',4(>X,'NUDE'),1UX,'X',1VX, 'Y',1VX, 

' 2'T',lUX,'E'»1UXf ' " " 
j'V'/ i6x,'i',ax,'2'fbx,'3',6x,'4'/; 
NNN«/#hN ^ 
DO 37 ;"1,NEL 

- WRITE (6,2uvyj l , ( N C 0 N ( I , J ) , j = i 7 * y , E l X ( I ) , E l Y < l ) ; E L Z ( l 7 ; E E E ( ; ) , 
2 V V V ( | ) 

5 7 CONTINUE -
<VUy FUKMAT (19 , 4 ( 1 9 / , f X , 5 ( F 1 1 , 6 ) ) 

DO 6V 1=1,NNN ^ 
DO 6V V«1,NLUAUC 
w(2;®0,0 

60 A L U A 0 ( 1 , J ) = V 
WKITE (6,2U10) 

4 0 1 0 FUKMAT (1 H I , 5 X , ' A P P L I E D L O A D ' / / / ) 
DO >8 |=1,NLUADC 
READ (5,21UU) N A L O A D 

41U0 FOKMAT (13) 
WRITE (6,4<0U) I 

4 2 0 0 F U R M A T t / ' LOAD CASB ' f l S y / S X ^ ' N O D E N Q 
15X, ' MAGNITUDE'/) 

' D O 56 J=1,NALUA0 -
NEAD(5,4V11)Nl,N4,e4 

4011 FUKMAT ( ^14, Fb ) 
l«(N1-1)#2+N2 

' ' AL0AD(L,I)=k3 
56 WRITE (6,^U14; N 1 , % 4 , A L 0 A D ( L , I ) 

4012 FORMAT(211V,yX,F10,5) 
WklTE (6,2V14) 

4013 FORMAT(1 H I , 5 * , ' R E S l R A I N E D NODES'/? 
K«0 
DO 5y 1=1,NAM 
READ (5,4014) N 1 , N ( , D I S P 
WRITE ( 6 , 2 U 1 5 ) N 1 , N < , D I S P 
L = ( N 1 - 1 ) * 2 * N 4 
K = K + 1 
N R ( K ) * L 

I 

S X f ' N O D E N O , ' , 5 X , ' S E N S E ' / ) 

164 

165 

1 6 6 
1 6 / 
1 6 6 
1 6y 
1 /U 
1 / I 
1 ( i 
1 /4 

1 /4 
1/5 

59 

401 4 

401 5 

401 7 

401 6 

^V1 V 

U(L)"niSP 
CONTINUE 
FUKMAT(4;3,nu;/) 
tUWMAT(2I1U,f^V,/) 
READ(b,;/U1 /JKT,wr , ILYITVJT 

W R I T k ( A , 2 0 1 O ) W T 

F U h H A T i n , 4 F 1 0 , 3 , 2 I 4 ) 

F U R M 4 T ( / / ' L Q U I V A L & N T LOAD ON UEAM « ' , F 1 0 , j / / ) 

W R | T k ( A , 2 V 1 V ) T L ' 

P U k H A T l / / ' SPAN VF BEAM « ' , F 1 U , 4 / / ) 

N fc M 5 iN t N -1 

Nbkja U 
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W O _ _ DV 61 I=1,NEl 
Iff PU 61 J=1,heN1 
1/a 
Ify - K=jj,MEM 
10U Newi"NC0h(i,v)-NC0N(;,K; 
1*1 l P ( N U W 1 ) 6 d , A < , 6 3 
1*d 62 NWW1«-NBW1 
lOj 6j |F(NdW1-NeW2) 6l/6lf64 
1*4 64 Nbkj"NdW1 
1*5 61 CONTINUE 
166 N B W ( N * W * + 1)*NND*2"1 
18/ ' ' WK|TE(6,dU16)NUW 
1*0 4016 FUHMATt//' BAND WIWTH " 12//) 
1*Y NN^'^^NN - ' 
lyu po 6y i«i,NN2 
1W1 69 A L U A p ( l , * ) = A l U A D ( I f 1 ) 
1 y<! MPNA"MDN 
lYj MDNN=MDN 
1*4 KETURN 
1 9 ) tNp — 
196 
^ ^ ^ - ' - — ———- .. I — 
19* 
199 BUbROUTINE S U L V E H A L F C A V B f N O y N w y N R T N l ) -
40V DIMENSION A ( 6 U * , a 6 / , B ( 6 U * , 1 ) 
2U1 ' M«(NW*1)/Z 
dU< MM1"M"1 
2Va 
404 DU 4V0 L1=1,NU 
20> ' 1F(NL)4U1,4V4,401 
406 401 A (|,h)"1,0/A(I,MJ 
40/ " V-MM1 
40* DU 403 14*1,MM1 
409 : M 1 * J - M ) 4 U 4 , 4 0 4 , 4 W 4 
41V 404 A ( l , J ) " A ( I , J j * A ( l , m ) 
411 J=J"1 
414 403 CONTINUE 
41A 402 DU 405 L«1,NR 
414 # ( 1 , U = B ( I , L ) # A ( | , M ; 
4 1 ) - 40} CONTINUE " 
416 IF(|*1)4U7,4Uf,406 
41f 406 DO 40* K=1,hN1 
41* I1"I-K 
419 ; F ( I 1 ) 4 0 9 , 4 U 9 , 4 1 0 
44V 410 14«M,K 
441 I F ( N L ) 4 n , 4 1 4 , 4 n 
444 411 J«MM1 

44j MM2=MM1-K*1 
444 DO 413 14=1,MM4 
4 4 ) I F ( I * J - M - K * 1 ) 4 1 4 f 4 l 4 , 4 1 4 
446 414 Ij=J*1 
44r A ( 1 1 , l j ) » A ( I 1 , 1 3 ) - A I I V ( J " K + 1 ) ) * A ( I , I 4 ) / A ( 1 ^ M ) 
44* V=J"1 
44Y 413 CONTINUE 
4jU 414 UU 4UA L*1,NH ^ 
4j1 B ( 1 1 , L ) « b ( 1 1 , i ; - b ( | , L ) # A ( l , | 4 ) / A ( l , M > ^ 
43<( 408 CUhTINUE 
43 4 409 1=1"! 
434 400 CONTINUE 
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4V/ DU 416 I=^,MQ 
djO J"MM1 

PU 416 L1=1 ,MM1 
iib 11•1 * J"M 
dAV IF(I1)410,416,41f 
^4U 417 PO 41M L=1,NR 
241 
<44 ^ 418 CUNTfNUE " " 
444 J"J"1 
444 416 LUNTINUE 
44) KbTURN 
446 (ND " " ' 
44f 
4 kd 
44V 
4>U SUbROUTlNE ASSEMBkk 
4>1 COMMUN /CDATA/NEl,MM,NNN,NLO*DC,NTYPE,NEW,NND,WWW,MDN,NWS 

- 1^MDNA,MDNN,NREP,NC#IX,KT,WT,TL,IT,JT 
<>3 C0MM0N/CkL/klX(4)5/,kLY(4>>),kLZ(4>)),eEE(4S5),VVV(4))J 
454 COMM0N/CkST/NUUN(2)>,4)iNH(bU;,AlUAD(6U8,4),:KA(6UB,ja),U(6U#) 
4>) DIhENSlUN ST(W,6; 
4)6 NN4«4*NN 
4»f PU 6* i=1,NN4 

68 AlOAD(l,1)=ALUAD(lT«n 
4>y NMWW*(NhW-1)/4 
46U MM#4#NN 
461 MMBW*NMBW+1 
464 PO 1U1 I" 1 ,MM 
464 PU 1U1 J«1,MMHW 
464 101 SKA(|,J)=0 
46> PU 1VU 1=1,NEl 
<*6 A"kLX(I) . 
46f b"ElY(I) 
<00 C«EIZ(I) 
46V V"VVV(1) 

E"EEE(|) 
4fT V1=V ' 
4/4 "EBmE 
4ra 117 E*"EB/(1-V1*VT) 
4f4 - v4#(i.vi;#u,5 
475 E1*EW 
4<6 119 CDhTlkUE 
47f C FUkCE METOUD 
478 CALL FlMAT(ST,AVb,V,E7V) 
4fV C 

- P O 100 J = 1,NEN — 
481 PU 1UO L*1,NEN 

4*4 ^ M1=(*CUN(I/J)-1)*N%D " 
484 M4"(NCUN(I,L; "i;*HNp 
484 Nj"(V"1)*NN0 
48) M4*(l-1)*NN0 
486 PU 10U M=1,NND 
40/ pU 1VU N=1,NNP 
48d II*M1+M 
4#V jjBHHhW-M1+M4+N-M 
4yU |lPMj+M 
4yi ji*M4*M 
4V4 IFtJV.UT.MMBW) OU |U lUV 
494 SKA(|I,JV)=S*,A(i;,VV) + ST(|1,J1) 
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juu 
AVI 

jut 
jU5 
JVO 
JO/ 
j)Ob 
JVV 
u 
1 

j1 < 
41 j 
414 
ai> 
416 
41 f 
41 8 
41V 
4dU 
4^1 
4̂ <! 
4^4 
4i(4 
4^3 
4i(6 
4zr 
4/a 
42y 
44U 
441 
44^ 
444 
444 
44) 
446 
44f 
440 
44? 
44U 

1U0 COpTINUE 
PAA«1UU0U0UV,U ^ 
DO 41U KKN=1,M0NN 
KNN1"(hNS*KllN-MDN)*^ 
KNN<"KhN1+MDN*4 
KNN4-KNM-1 -
KNN4=KhNd-1 
KNN>»(ivWW + 1 
KNN6*KNN5+KNN1-KNN< 
KNN7"KNNb+KNN4-KMN4 ' 
;KA(KNR1,KNk>)»SKAiKNNl,KNN5)*DAA 
6KA(KkN/,KnNb;«SKA\KNM<(,KNN5)*0AA 
SKA(KNN4,KNN);=SKAikNN4,KNN))+DAA 
6KA(KNAl4,KNNb)=SKAtKfyiw4,KNNb;*DAA 
SKA(KNNZ,KNN»)"SKAlKNNd,KNN6)-0AA 
(KA(KNN4,KWN^)mSKA<KNN4,KNN/';«'DAA 

jlO CUNTINUE 
hNhmNN#NND 
JJ1"NHBW+d 
JJ2"NHbW*1 
PU 144 1*1,NRN 

IF(U(K).EO,U,U)GU TU 144 
'"DO 142 J=1,NNN 

KL1*K*MM8W 
KL^NK-MMUW ^ 
K13«MH8W-K*J 
Kl4«MHdW*K-J ' 
DU 142 J4=1,N10APC 
IF((J,0T,kLj),AND,SK,GT,J))AlUAD(V,Jj)"ALOAD(J,J4)"SKA(K,KL4)*U(K) 
lF((J.UT,K),ANP,(KL1,GT,j;)AlUAD(J,Jj)*AlUAD(J,J4)"SKA(J,KL&)#U(K; 

1 4 i CONTINUE ' — -
144 CONTINUE 

00 14V I"1,N^N 
K«NR(1) 
DO 141 J=1,NNN -
JJ"NM8W + 1+ K"J 
IF((jJ1.6T,JJ),AND,(JJr<'T70)) S K A U , J j ) " 0 7 0 

141 CONTINUE 
DO 140 J1=1 ,jjg 
SKA(K,Ji;=U,V 
gKA(K, J J<()ai 
DO 140 Jd"1,NL0A0C 
ALDAD(K,j2)=U(K) 

140 CONTINUE 
CALL SOlveMALF(5KA,AlOAD/NNN,NBW,NlOADC,i; 
RETURN 

441 
44^ 
44 4 
444 
445 
446 
44r 
44A 
44V 
4bU 
4>1 
4)< 

END 

SUBROUTINE STNES»ES 
COMMON /C0ATA/Nkl,M*,NKN,NLOADC,NTYPE,NEN,*Np,NBW,MDN,NNS 
1,MDNA,MDNN,N%EP,NC'IX,KT,WT,TL,IT,JT 
C0MM0N/Ckl/kLX(2>5',ELY(<>>),klZ(/)>),EEE(db>),VVV(<>); 
CUMM0N/CEST/NC0N(^P>,4),4R(6Uj,ALUAD(6V#,d),&KA(6V8,40J#U(0Ua) 
DIMENSION NNkL(4U4f4),iNND(4U4,4),NP(4U4) 
DIMENSION SIUMA(<5J,4,1) ' ' 
DIMENSION U(4 ,K )' 0(6 ), STRESS(4 ,2 ) 



PU i;=1,NEl 
DO 
00 ddZ KK«1,NL0ADC 

JJ,KK)=V.U 

ALUAD (Kd,L) 
I)" T 

:,Y,01,04,03, 

WRITE (6,20 44) 
<vaj F0KMAT(1M1,dX, 

WRITE (6,dUjU) 
<040 PURMAT (IHU, 

1IX,'NUDE NU, ,1V*,'Y"D|KECTIVN'/) 

ZUO WKITE (6,jU31) J,AIUAD(J1,1), 
<031 FUHMAT (|b,<(fX,k1>,6)) 

WRITE (6,ZU3d) 
<032 FURMAT(1HI,dUX,'STRESS AT THE CENT 

1'EL,%0,',4*, 'SIbHA"X',yx,'SIOMA»Y',yX, 
POINT UF THE / / 

4VU 2fX,'MAX,PH,STHkSSi,fX,'MlN,PR,.STRESS 
&0T DO ZU% K=1,NkL 
4U< PI* SIuMA(k,1,I)+S«UMA(K,d,|) 
60 j P4" SIGMACK,1,I)?S*bMA(%,<,!) 
4 U t P3"SK,MA(K,3,I) 
4V5 A* SWKT(U,f5#P4*H2*H3*P3) 
4U6 PMAXa PI *U , 5*A — 
4U f PM|N= P1#0,b-A 

lF(AbS(Pd]"U,uuOVOU1) Zuy,2vy,410 
4UV ZU9 A" 45 
41 U GU TV 411 
41 1 410 A3ATAN(^*P3/P4)*yO,U/3,l41jy645 

rx,'PR,ANGLE'/; 
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41) 4046 *UkM4T (15 
416 ivy CUNTfNUE 
41f |P%*NC*1 
41* IPYsIPX+lX 

'IPY+IX 

'ELYCIPA) 
:ELY(IPY; 
'ELY(IP4) 

Yj*S|GMA(IY4,<,1) 
Y4eS!GMA(IYA,d,1) 

CUB!C(X1,AZ,XJ,, 

,EU.1)kU Tl 
lX+d"l 
tLA(IPA)*U 

'ELX(LX)*U, 

:ELX(|PY) 

X1*X12*0,5, 
Xf"X12+XdZ*U,> 
Xj«X1Z*X<Z+XjZ*U, 
IYX«llX+1-l)*d 
lYY' 

Y1«SINTER(IYX) 
YV*SINTtR(lYY; 
Yj"SlNTEK(IY/) 
CALL CUb;c(X1,X/,XJ,X4,Y1,YZ,Ya,Y4, 
J"(LX+1"I)*4*1 

4fv SINTER(J)=tCC 
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4ri 

4/j 
4 / ̂  
4^5 
4 
4f / 

4y / 

>V«! 

>V/ 

>0V 
blu 
>11 
>1Z 
51 j 
>14 
>1 5 
>1 6 
>1 f 

CUNTINUE 
X1Z"ElX(1) 
X2Z"eLX(4) 
Xa4"El*(j) ' 
X42*ELX(4) 
X1"X1Z*U,5 
X4"X1Z*X4Z*U,) 
X3*X1Z*XdZ*XjZ*uyS 
X4mX1Z*XdZ**j4*X*z'U,> 
Y1aSlNTER(<) ^ 
Yd"S|NTEN(4) 
YamSlNTEK(6) 
Y4#SINTEN(a) 
CALL CUBlC(X1,X2,XP,X4fY1,Y2/Y3,Y4,CCC) 
SlNTeW(1)"LCC 
DO 263 1»1,4 
IYX"NC*1+(l»i;*LX 
!YY=IYX*1 
1Y2-1YY+1 
IYA=IYZ+1 
Y1mSIGMA(IYX,Z,i; 
Y2"SlGMA(IYY,Z,ty 
Ya"SIGMA(IYZ,/,1) 

'TA^SlGMAClYAfdfi; 
CALL CUBIC(XI,XZ,XJ,X4,Y1,Y<,Yj,Y4,CCC) 
J«j*LX+Z*I 
5lNTeR(J)=LCC 
CUNTINUE 
IPASNC*1 
IPYPlPX+lX 
IP2-IPY+LX 
IPA«1PZ+LX 
X1Z«ELY(IPX) 
%</"eLY(IPY) " 
XjZ=ELY(;p<) 
X4Z"eLY(IPA) 
X1#X1Z#U,5 
X<*X1Z*X<Z*U,5^ " 
XA"X1Z+X42*X3Z*0,5 
X4»X1Z*XdZ*XjZ*X4Z«vr> 
IYX=d*LX*j 
IYY"IYX+1 
IYZ=IYY*1 
IYA"IY2*1 
YlsSlNTERClYX) 
Y^"SINTER(IYY) 
Ya«S|NTER(IYZ) 

5^) 

f 
b jM 

<Ojb 

<Uj6 

Y4"SINTEK(YYA)" " " 
CALL CUBIC(X1,Xd,XJ,X4,Y1,YZ,Yj,Y4,CCC; 
J=^*LX*<! " 
GlkTtRtj;=CCC 
SINTER(3)=U,0 
5IhTER(>)=U,0 
WRITE(6,,(0a)) — 
FUHMAT(1H1,'SrKE*S ALONG wALL"BkAM INTERFACE'//) 
V = ̂ *ix*1 
DU dWI 1=1,J 
WK1TE(6,^U^6) l,yiMTER(n 
kUHHAT(;j,4X,k1b,6/ 



> jU 

> j j 
5J4 
bjb 

> jf 
> jd 
>jv 
54V 
>41 
)4d 
>4j 
>44 
54b 
546 
54f 
546 
54V 
550 
551 
552 
554 
554 
555 

? ) O 
55f 

— 

55G 
55? 
56U 
561 
562 
56 j 
564 
565 
566 
56f 
568 
569 
5ru 
5 n 
5^C 
5/j 
5/4 
5f 5 
5<6 

CUNTINUE _ _ _ 
WKITh(6,dOjf) 
FORMAT (///' STRtS* UP WALL BOUNDAKY'//) 
DU j#4 1*1,) 
J"2#L%*1+I 
WH:Te(6,/0ja)j,S|N|kRU) 

duao FUkHAT(Ij,4X,b15,6j 
CONTINUE 
CALL IhTEHP(X1,Xd,Aa,Y1,Y4,Y3,CCC) 
wH;TE(6,2ujy)ccc 
FURMAT(///fX,615,6;^ 
NREP"0 ' " 
NAAb"1+MDN"M0NA 
DO 240 II=NAAM,LX 
I=(4*LX*4-d#ll) 
J"(<i*LX*i!-^*I I) 
lF((8INTER(I),LT,0,U),UR,lSINTER(j;,LT,U,u;)gU TO 4*1 
go TO 242 
MDNN"MDNN"1 
CONTINUE — — 
IF (hDMN"HDNA) 
NHEP'1 
MDNA"MDHN 
IF (KT,EW.U) UCTl^r 
ITZ"IT+IX 

240 

244 

DD=ELY(IT)*ELY(IT2f 
TO*ELZ(IT) 
ZZ#TD*0D#DD/6 
WRITE(o,204V)ZZ 

2040 FORMAT(1H1,'SECTIOM MODULUS 
WRITE(0,4041) 

2041 FORMATt///' BOTTOM ELEMENT 
10M MOM, TOP MOM,'/) 
DO 290 I=IT,JT 
51"SIGMA(I,1,1) 
J«I*LX 
S2"S|CMA(J,1,1) 

"TIE MOMENT BOTT 

AM#,2*wT/(DD*TD*(SI*S2 ) r 
'WT#TL/lZZ#(S1-ad)) 

<042 
2V0 
24) 

CM*.WT*TL/(ZZ#(S1*lS1"S2)/2 ) r 
DM,WT#TL/(ZZ#(S2*(*2"S1)/2)) 
WRITE(6,204^)I,AM,*M,CM,DM 
FUKMAT(ia,F16.a,jFI0,1) 
CONTINUE ' 
CONTINUE 
RETURN 

br r 
> f (i 
b / V 

>6^ 

564 

>#6 

SUBROUTINE INTERP(A1,Xd,Xj,Y1,Y2,Ya,C) 
W=((Yf-Y1)*(Xj-*1)"(Yj-Y1)#<X2'X1);/((X2#X1)#(XjMX1)#(X2"Xj)) 
Ac(Y4-Y1)/lXd-Xi;-B*(X2+X1) 
CnY1»A*X1-W*X1*X1 " 
RETURN 
END 
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(UBRUUTINE CUW|CUIfX^,x:,X&,Y1,Y^,YJ,Y4,p; 
KKK«Xj#Xj+*1*Xd"A1*%j-Xd*x3 
5SS*X4#X4+X1*X4-X1*X6"Xd*X4 
ALC"YJ-Y1 - ( ; # ^ x j - x i ; / (x^-xi; ' 
bLC«Y6-Y1-(Yd-Yi;*l*4"X1)/(Xf-X1) _ 
DLC=Xj**j-A1**j''(X#*X'^*XT*X«; + X1*XT)*(X3"Xl) 
ECC«X6*#j"X1*#j"(X**Xd*X1*Xd*X1*X1)#(X4"X1) 
C"(bCC/SSS"ACl/HWR;/^kLC/bSS"DCC/KKR; ^ 
B"(ACC"C#DLU)/KRH 
A=(Yj"Y1)/(Xd-X1j"e#(X/*X/"Xf*XlT/(Xg"X1)-C*(Xd*#j"X1**a)/(X4»Xi; 
D"Y1"A*X1"b*Xl*X1"L*X1**a 

6UU RETUKN " 

SUWRUUTINE FLMAT(Sf*,B,C,kE,VV) 
DIMENSION 

E"EE/(1,V"V*V) 

UWlaU,S*(1/U"V? 

D"E*C/AB 
614 F"W*U 
615 Q"W"U 
610 YZ#B*B 
61/ X2#A*A 
61 d XUfU#XZ 
61V YU#U*YZ 

DO 1)0 I"1,7,V ^ 
1>U 5(!,I)«D#(Y/*XU)/3,U 

DO 1)1 1*2,0,4 
1)1 S(1,I)= 0#(Xd+YU)/J,0 

8(1,4), S(4,r;, s(3,6) "0#F#Ae*0;<) 
6(3,M)=S(1,4) 
S(1,j),S(),/;=D*(XW"2*Y/)/6,V 

64/ S(1,4),S(2,/J,S(j,e),S(),a)"D#0#Ab#0,4) 
6(1,5),S(j,f;=-0,)*S(1,1) 
8(l,6),s(z,)),s(a,4j,s(f,a)="s(i,4) 

7), S(j,5) *D*tY2-4#XU) /6,U 
6(i,#),s(z,j),s(4,j;,s(6,f)«"s(i,4; 
S(2,4),S(*,8)=D*(Xg»4#YU)/6,U 
S(4,6),S(4,G)=*U,S#S(4,4; 

644 S(Z,d),S(4,6)=D*(YW"j#XZ)/6,0 
DO 1)2 I" 1,6 

DO 1)f J" 1,1 
64/ 1)2 S(;,J)"S(J,I) 
648 RETUSh 
6jV END 

641 
64 4 ' 
64j SUBROUTINE STRESSM*T(0,X,Y,*,B,C,L,V) 
644 DIMENSION k(j,a) 
64) DO 1UU 1=1,4 
646 OU 100 J*1,B ' 
64/ 1U0 0(|,J)=U,0 



j 
6^4 
Of") 

6/r 

6/y 
6eu 
661 
ood 
683 
6G6 

/A/W/(1,U"V*V; 
P"(4,0"j,U#V#V)*E1 
q"(j,0#v#v"d,u)*ki 
H1mV*E1 
H d m O , & * E / A / B / ( 1 , W * V ) 

Gd*d,0#P*Q 
GlMP*d,0*O 
Ad"A#Gd/6,V 
A1"A#G1/6,U 
BZ#W#Gd/6,U 
G1#B#G1/6,U 
G(1,1)»-ad*(1,U"Yj^b1*Y 
Q(1#d)**V,>*H1*A 
6 ( 1 , , 1 ) 
G(1,4)"G(1,4) 
G(1,b);B1*(1,U"Y;*ed$Y^' 
G(1,6)"-G(1,d) 
G(1,y)"-G(1,b) 
G(1,8)"G(1,6) 
G(d*1)""U,5*H1*B 
Q(d,<)""Aj#(1.U"X)"A1*X 
G(d,3)*.G(d,l; ' 
G(d,4)»-A1*(1,U**)"Ag*X 
G(d,S)*G(Z,j) 
G(df6)""b(df4) 
G(2,f)"Q(i!,1 ) 
G(j,#)#"G(d,Z) 
G(3|1)="U,)#M^#A 
G(3;4)"*U,5*Hd*B 
G(a,3)"G(j,1) 
G(j,4)""G(a,a} 
G(3,>)#-G(j,1) ^ 
G(3,6)«G(3,4) 
G(3,f)»G(3,5) 
G(3,#)"G(3,<) 
RETVNN 
END 

686 F I M S H 



251 

APPETDIX INFILLED FRAME COMPDTER PROGRAM 

SCOPE: 

FACILITIES: 

OHTPITT: 

The computer program was used, to analyse infilled frame 

problems. 

1. Concentrated loads can be applied at nodal points. 

2. Non-zero displacements can be applied at nodes. 

3. Generation of node and element connectivity is 

achieved automatically. 

4. Any number of infilled frames can be connected 

together and frames caji be left unfilled if 

required. 

5. Either friction or no friction connections ca.<L be 

made on the infill-frame boundaries and separation 

cracking on these bowidarles is automatically 

generated. 

Printing of input data. 

Element connectivity. 

Displacements at nodal points. 

Stresses at element centroids. 

Stresses at nodal points. 

Stresses on connected nodes on infill-frame boundaries. 

DATA INPCT INSTRnCTIONS: 

A. Problem number card (l2) 

Column Variable najae 

1-2 NO 

B. Problem description card (10 13) 

1-3 NFL 

4-6 NN 

7-9 NRN 

Description 

Problem number 

Number of elements 

Number of nodes 

Number of restraints or 
applied displacements 
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10-12 NLOADC Set to 1 

13-15 NTYPE " " " 

16-13 LX Number of elements in x-direction + 
number of infill-frame vertical 
boundaries 

19-21 LY Number of elements in y-direction + 
number of infill-frame horizontal 
boundaries 

22-24 i m Set to 1 

25-27 :naT '' '' '' 

28-30 Î &mber of nodes in x-direction 

C. Element dimensions in x-direction cards (LX cards) 

1-8 DlX(l) Bbrizontal dimensions of elements 
in order from left. Insert zero 
for every infill-frame boundary 
to indicate its position 

D. Element dimensions in y-direction cards (F8.2) (LY cards) 

1-8 DlY(l) Vertical dimensions of elements 
in order from bottom. Insert zero 
for every infill-frame boundary 
to indicate its position 

E. Material properties card (7 F6.2) 

1-6 DZ Thickness of elements 

7-12 EB Brick or wall modulus of elastic-
ity, E^ 

13-18 TB Brick or wall Poisson's ratio v 

I9-24 ]ER Ratio E /E,, (E = mortar modulus 
m b' ^ m 

of elasticity) (Set to 1 if 
homogeneous wall) 

25-30 yR Ratio v /v., (v = mortar Poisson's 
nr tr ^ m 

ratio)(Set to 1 if homogeneous wall) 

31-36 EC Frame modulus of elasticity 

37-42 Poisson's ratio 
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F. ruaber of mortar elements per row cards (l3) (Cards = number of 
rows of elements) 

1-3 ]̂ ER jMumber of mortar elements in each 
horizontal row in order from 
bottom (Blank card if homogeneous 
vail) (Repeated with G cards if non 
homogeneous wall) 

G. Mortar element position cards (l3) (EER cards, required only if 
0'<i^ER'< number of columns of 
elements 

1-3 KEEP Mortar element position, referenced 
to the lowest row of elements 

H. Number of rows of air space card (I3) 

1-3 K Number of horizontal rows of air 
space elements 

I. Air space element position cards (2 I3)(E cards) 

1-3 L First element of air space of row 
considered 

4̂ -6 M Last element of air space of ro% 
considered 

J. Number of rows of beams card (l3) 

1-3 K Number of horizontal rows of bea% 
elements 

K. Beam element position cards (2 13) (E cards) 

1-3 L First element of beam of row con-
sidered 

M last element of bean of row con-
sidered 

Ii. Number of colimns of vertical frame members card (l3) 

1-3 E Number of columns of vertical 

frame member elements 

M. Vertical frame member position cards (2 13) (E cards) 

1-3 L Bottom element of vertical frame 
member of column considered 

M Top element of vertical frame 
member of column considered 
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Horizontal frame-infill boundary card (4 13) 

1-3 MJX Total number of node pairs to be connected 
on horizontal joints 

A-6 MSX Number of node pairs to be considered for 
separation 

7-9 MSIX Number of MSX node pairs with bottom node in 
infill 

10 NFRX Whether friction connection required 1 = Yes 

0. Eorizontal boundary node pair cards (I3) (MJX cards) 

1-3 NJX (l) Bottom node number of pairs to be joined 
on horizontal joints. MSIX node pai'S first 
followed by other node pairs to be considered 
for separation. Finally permanently connected 
node pairs (Frame member joints) 

P. Vertical frame-infill boundary card (4 13) 

1-3 MJY Total number of node pairs to be connected on 
vertical joints 

4-6 MSY Number of node pairs to be considered for 
separation 

7-9 MSIY Number of MSY node pairs with left hand node 
in infill 

10-12 IfFEY IVhsther friction connection required. 1 = Yes 
2 = No 

Q. Vertical boundary node pair cards (I3) (MJY cards) 

1-3 NJ^l) Left hand node of pairs to be joined on 
vertical joints. MSIY node pairs first, 
followed by other node pairs to be considered 
for separation. Finally permanently connected 
node pairs (frame member joints) 

R. Number of applied loads card (l3) 

1-3 NALOAD Number of applied loads 

S. Load information cards (2 13, F8.3) (NALOAD cards) 

1-3 N1 Node number at which load is applied 

4̂ î N2 Direction of load, 1 = x-direction 
2 = y-direction 

7-14 E3 Magnitude of load 
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T. Restraint or applied displacements car&B (2 13, F10.7) (NRN cards) 

1-3 Nl Node number at which restraint or displacement 
is applied 

4-6 N2 Direction of restraint or displacemenk, 
1 = x-direction 
2 = y-direction 

7-16 DISP Magnitude of displacement. If restraint, 
leave blank 
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1 LIST LP 
d PRUORAM (CZPN)' 
a EXTENDED DATA 
4 INPUT ) "CHU 
» OUTPUT 6 m LPU 
6 USg 1.ED1 
/ USE d"ED2 
* - CVMPRESS INTEQEfAMD [OQICAf 
V END 

11 C 

1 j 
"I ̂  ^ —— 
1> MASTER fEMSA 
1& COMMON /CPATA/NEL,Nk,NRN,NL0ADCiNTYPE,NEN,NNP,NBW,MDN,NN5 
If 1,MDNA,MDNN,NMkP,NC'LX,MJX,MJY,MSXfMSY,MS1X,M51f,NFHX,N»RY 
IB " CUMMUN/CEL/klA(5<Oj,ELY(SdO),ElZ(>ZO),EEE(bZUJ,VVV()<V; 
IV CUMMON/CEST/NCON(5<V,4;,NR(V);,ALUAD(1>VO,d),U(1)UV) 
gU 1 fNJXdIO) , N J Y U 1 U ) 
41 1 KkAD (>,dOOV) NO 

ZUdO FORMAT (|2) 
gj IF (NO.EQ.U) 00 TO < 
44 WRITE (6,2Vai) NO 
<) <UB1 FORMAT (lHl,4UX,'pK08LkM NO,"',!*//) 
46 CALL SETUP 

gyy CONTINUE 
ga ASSEMBLE 
gy CALL STRESSES 
jU |F(NKEP.EQ,1)GoT02yy 
)1 GO TO 1 
32 7 STuP 

END 
34 C 
*> C 
3* 

C 
38 C 
3y c 
4U 
41 

44 
4> 
46 
4f SUBROUTINE SETUP 
40 ' COMMON /[DATA/NEL,*N,NRN,NLOADC/NTYPE,NEN,NND,Naw,MDN,NNS 
4y 1,MDNA,MDNN,NkeP,NC'LX,MJX,MJY,MSX,MSY,MS1X,MS1Y,NFKX,NfKY 
»V CUMM0N/CEL/ELX(5d0;,ELY(5fU),ELZ(5<0),EEE(5ZU),VVV()2V) 
>1 CUMM0N/CkST/hUUN(5<U,4;,NR(V>),ALUAD(1>UU,4),U(1bUU) 
Sd 1,NJX(110),NJY(11V) 
53 DIMENSION ULX(5U;,PLY(>U) 
)4 RkAD(>,<UUl)NkL,NNfNRN,NLUAOC,NTYPE,LX,lY,lNN,lkN,MDN 

<UU1 FORMATt 1UI3) 
>A DO yvu I"1,LX -

READ (a.youu; Dix(i; 
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fu 

/j 

6 J 
#4 

68 
bV 
yu 
pi 
yd yj 

y4 
V) 
y* 
yy 
y« 
yy 

10U 
101 
1 Vd 
1 v: 
1 V4 

vuuu 
y vu 

VQUI 
ywi 

FURMAT (F#,<) 
CUNTINUE 
DO YUI 1=1,LY 
NGAD (>,yOU1) 
FURMAT (FM.d) 
COwriNUE 
JTH"IX*LY 
KTM"1 

OlYfif 

r)/L* 

>U IYTH*(KTH-1)/LX*1 
iXTHaKTH-l*#(IYTH.I) 
blXT*DLX(I*TH; 
PLYT"DIY(IYTM; 
|F(DLXT.kq,U,U)GUTUyr 
IKDlYr.Eq,U,U)GUTV>1 
NCUN(K,1)e((LX*1)#kTH' 
NC0N(K,f)"NCUN(K,i;*1 
NCON(K,j)=NCt)N(K,Z/*MI)N 
NCWN(K,4)=NCUN(K,1/*MDN 
K=K+1 ' 

51 KTH=KTH+1 
IF(KTH.EW.JrM*1)00rO5^ 
G0T030 

52 "̂1 
IXTH"IX 

-puy^K-ifLXTK 
DIXT*DLX(K) 
IF(DLXT.EQ,0,U)GUTVy22 
DLX(J)«DLXT 
V=J+1 
GUTOyzi 

922 LX:iLX-1 "7 
y21 CUNTINUk 

IYTM"LY 
PUy2jK=1,LYTM " 
01YT*0LY(K) 
lKDiYT,EQ.v,u;dufwy24 
DLY(J)=DLYT 

- " 

OOTOygj 
924 lYNLY-1 
y23 CONTINUE 

READ(5,9U02)DZ,EB,Vb,ER,VR/EC,VC 
WUU2 FURMAT(fF6,2) 

po yy3 I ; L Y 
DU VV4 J"1,LX 

1U> ^ K"(;"1)*LX*J 
1V6 eiX(*)=DlXlJ) 
ivr EIZ(K)«DZ 
1UM tEk(K)»EW 
1VV VVV(K)»VW 
11u yU4 kLY(K)"ULY(l) 
111 HEAD (a.yuuj; HER 
112 VUUj FUKMAT l)j) 
114 IF (NbR.EO.U) GO TV yU3 
114 IF (LX-NkRJ vu6,yuo,yu> 
11) yu> ou vuw jcifWER 
116 NEAP (>,VUU4) NEKP 
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11f VUU4 pUkMAT (13) 
118 K"(I-1)#lX*NaRP 
11V KEE(K)=ER*eB 
IdV VVV(K)"VR#Va 
141 yu# CONTINUE _ 
14< GO TU VUj 
Ida 906 DU V1U J M , I X 
1*4 K"(1-1)*LX*J 
1d> eEE(K)*EK*k8 
14* VVV(%)=VR#VW 
1*f yiu CONTINUE 
1*0 yvj LUwTINUE 
14V KEAD(b,VUn))k 
law V0U5 FORMAT(Ij) 
iai IF (K.EQ.O; GO TO yi6 
1*4 PV YIZ I"1,K 
laa READ(>,9V06)l,M 
1*4 y006 FUkMAT(JI3) 
1)5 DO 913 J"L,M 
146 913 EkE(J)"U,0UUVV1 
13f VI4 CONTINUE 
13» 916 CONTINUE 
1jV READ(5,VU0))K 
1&V DO yi4 1=1,K 

READ(5,900*)l,M 
144 DO VIS J=L,M 
143 kEE(J)«EC 
144 915 VVV(J)"VC 
14> 914 CONTINUE 
Ik* KEAP(>,9U0))K 
14f puyifI"1,K 
148 RkAD(5,yU0*)l,M 
14V ooviaj=L,r,Lx 
1>u &EE(V)«kC 
1)1 916 VVV(j)=VC 
1)4 917 CONTINUE 
1)3 KEAP(>,VVOf)MJX,MSA,MS^X,NFRX 
i>4 puyiyi"i,MVX 
19> 91V READ(5,yV0))NJX(I) 
1>6 RkAD(b,yuUf;MJY,MSTiMSrY7NFKY" 
1}f 0UV4UI=1,MJY 
1>b 940 READ(5,900>)NJY(I) 
1>V NEN"4 
1&U NNO-4 
101 VUVf FUKMAT(4I3; 

103 WRITE (6,2UU4) 

104 <UU4 FUWMAT(35X,'FINITE ELEMENT 4-0 ANALYSIS'//) 
10> WHITE (6,4VU>; NkL'NN,NKN,NlOADC 
1*6 40U5 FOhMAT(SX,'NO OF RCLTANGUIAK ELEMENTS ',13/ 
lor 1)X,'N0 OF NOUES '«I3/ 
100 4 >X,'NO OF RESTRAINTS ' ',13/ 
10V 3>X,'N0 OF APPLIEU LOAD CA&ES ',I3/j 
iru IF (NTYPE-1)!)4,54,)5 — — 
1/1 >4 WRITE (6,4VV0; 
1 /4 UO TV >6 ' 
1(3 WRITE (6,4UU/) 
1 /4 >6 CONTINUE 
1f> 40UO FORMAT ()X,' PLANE STRESS'//) 
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W a KOUr FURMAT O X , ' PLANE 5TPA|N'//J 
Iff IF(NkR*.EQ.d)QUTU7W 
IfM WRITEtOfdOdU) 
IfV" 0̂*!U FUKHATtbX,' SHkAK lUNNtfTTuiTUN MURlZUNTAl INFrLL 
1*U QUTOfI 
1dl fU WNlT6(6,^0<(1j 
1*< <U/1 F U H M A T O X , ' NU SME*R CUNNtCT|UN ON HORIZONTAL INFILL WUUNDARIES'/) 
Ibj f1 IF(NFRY.eQ,^)QUTU7< 

WRlTe(A,/U/^) 
lb) F U R M A T O X , ' SHEAR LUNNECTlON UN VeRTICAL INFILL BOUNPAKIt;'//) 
166 QOTOfa 
Ibf fg WNITE((i,^U^j) " 

fUdj pUKMATCbX,' NU SME*R CUNNCCT|UN ON VERTICAL INFILL BOUNDARIkS'//) 
1g» f3 CUmTlNUE ' 

IVO WRlTE(6,dOU6) 
191 <VU8 FOkNAT(/1UX,'CONNECTIVjTr-AN0"DlMeNSlONS-OF-RECTANGULAN 
1V< 1 ELEMENTS'//5X,'EL.MU',4(5X,'NUDE'),1UX,'X',lux, 'Y',1UX, 

1V4 3 ' v ' / i t x , ' i ' , a x , ' 2 ' , a x , ' ) ' , a x , ' 4 ' / ) 
iy) NNN"g#NN 
lyo DU »7 I"1,NEL 
IVf WRITE (6,^VUV)-IT(MC0Nniin7j«174111[LX(I) ,ELYU),ELZ(I) ,EkE(I) , 
1V# %VVV(|) 
IVY >7 CUNTINUE " 
<WU %0V? FUWMAT (19 ,4(I9/,fX,>(F11,6;) 
4(01 DO 6V )=1,NNN " 
^0^ DO 6V Js1,NL0A0C 

U(1)»0.0 
204 60 ALOAD(I,J)"U 

WRjTE (6,^V10Z " 
2U* <U1U FURMAT (1 Hi,ax,'APPLIED LOAD'///) 
ifUf DU |=1,NLUADC . " 
i(U8 READ (a,(!1UV) NALUAD 
aVV dIVU FUkMAT (13) 
/IV WRITE (A,ZdUV; I _ 
%11 <2uv FUWMATI/' LUAO CAS* T^fay/)xyyNODk^N07'f>X,'5kNSE'^ 
^1^ 15X, 'MAGNITUDE'/) 
21 a DU >8 J=1,NAL0AD 
«(14 KEAD(),,/u^^)^^,N<(,ea 
Z1> *V11 FUKMAT ( 21j, F# ,J y -
416 L"(N1"1)*Z+Nd 
41f AL0AD(L,I)"E3 ' " ' 
410 >b WRITE (6,dU1/) N1,N<,AL0A0(L,1) 
41? 4012 FURMAT(4I1U,VX,F10,:») " " 
44U WRITE (6,4U1j; 
441 4V13 FURMAT(1H1,)X,'RESIRAINED NODES'/T >X,'NODE NU,',>X,'SENSE'/) 
444 K»0 

443 DU &V I=1,NRN 
444 READ (>,4014) N1,N<,DISP 
44) WRITE (6,<U1);N1,N«,PISP 
446 L"(N1-1)*4*N4 
44f K«k+1 
440 NR(K)«L 
44V U(L)»DISP 
43U >9 CUNTINUE 
441 4U14 FUkM*T(4Ij,f1U.f) 
434 4U1> FUKhAT(dI1V,F4U,f) 
433 NEN1*NkN-1 
434 NWW4* U 
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<01* pUHMATt//' WAND WIWTM " 12//) 
NN<-<*NN 

dtv pu 6y 1*1,NNd 
69 AlOAD(;,i(;«A|,UADWf1) 

MWNASMON 
MD\N»MON 

<»A KETURN 
^$4 END 

PU 61 1=1,Nkl 
DU 61 J:1,NtM 
JjBJ+1 
DU 01 K"JJ,NEN 
NBW1"NCUN(I,J)-NC0N^I,K) 

ZtU ;F(NWWlJ62,ad,63 
441 62 NUW1«-NBW1 
244 63 ]F(NPW1*NBW4) 61/61,64 
444 64 NWwd'NUWI 

61 CONTINUE 
NWw«(NbWd+l;*NND#Z"1 
WRITeCOfdOlOJNWW ' 

45g 

j(60 
461 

463 
^b4 ' SUbROUTINE '^ASSEMBLE 
46) CUMMUN /(;DATA/NEl,mN,NHN,NLUADC,NTYPE,NEN,NNO,NBW,MDN,NNS 
2*6 1,MUNA,MDNN,NREP,NfflX,MJ*,MjY,MSX,MSY,MS1X,M*1V,NFKX,NfRY 
46f CUMMUN/CEL/ElX(b40;,ELY()<Vj,klZ(5<0),EEE(54U),VVVl)4U) 

a CUMM0N/CEST/NCUN(5<U,4),NK(V>;,ALVAD(1>00,4),U(1bUU) 
46V 1,NJX(110),NJY(11V) 
4/0 7 CUMMUN/CSKA/S(«:4U0; 
4f1 DIMENSION ST(3,8) 
4f4 DIMENSION KL0AD(15VV) 
4/3 PAA«1UUUUUUU,U 

NNN"NN*NND 
4f> DO ZP&4 JC"1,N10ADV 
476 00 4083 II"1,NNN 
4ff 40*3 *lOAk(II)=AlUAD(lI,4) 
4 ro 
ZrV REWIND 1 
4BU NMyW#(NBW+1)/Z 
461 N#*NM8W/NNW*1 

454 MMbW*NMBW-1 
403 NNN"P|N*NNO 
4A4 INAX=44UV 
46> LEVPb=LMAX/NHew 
4d6 INPWlcLEQPU/HND 
40/ NkUP^nlNPEL 
466 )/LNP0L*1 
46Y 1, 
4VV L POKM STIPFHESS MATRIX 
4V1 L 
4^4 DO 311U III«1,MUMBk 
4^3 DO 313* MHcifLMAA 
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dV4 4144 S(MM)*V.U 
dp) ISTANT»(jIj"T/*NkQKB*NND ^ " 
<V6 |COU%T"hkQKb*NND 

IF(:!l.EQ.MUMWL)ICVUNT*NNN"(;i;-1)#NEQPe*NND 
<ya N1"ISTART*1 

N^'lSTART^ILUUmT 
4UU JIST**r«(IIi-1)*NkOPW 
jVT JCOUNT"NEWHU 
aUd |F(:iI,EQ.MUMBL)JCWUNT*NN-(:||*1)*NEQP# 
JVj NN1»^srAkT + 1 
av4 NNZ=JSTAqT*JCOUNT 
ju) hN1=NNl-NB 
avo NN/*NNd+NW 
JO/ DO vjj'i fNEi, — 
aVB KTkST"U 
aOY ^ DO 3111 L = 1 'Nkfi 
41U IF((NCUN(JJJ,L).UT.NN/).UR,(NC0N(JJV,l),LT,NN1))0U TO 3111 
311 " DO 3111 V=1,NEW 
414 1F((%CUN(JJJ,J).UT'NW4),UN,(NC0N(JJJ,J),LT,NN1;;G0 TO J111 
A H M1"(NCUNUJJ,J)-1)"NND -
ai» Md#(NCUN(JJJ,L)-1)*NND 
31) Mj»(J.1 MNND 
416 M*"(l-1)*NN0 
3ir IF(KTeST)3i(^v;JZM7?Z^T 
ai# azdu CONTINUE 
jiY v«vvv(jjj; 
agU k"EEk(VJJ) 
3«!1 A-EIXCJJJ) 
add w=EiY(JJJ) 

' C"EIZ(JJJ) 
CAll FkMATlST,A,b,k,E,V) 

aga " KTEST'I 
a<6 a2<i CONTINUE 
3i(r DO Jill N = 1,MN0 ' 
JdB DO 4111 M«1,NNU 

- vjKM^+N 
44U |F(JJ,LT,N1)00 TO ,»111 
3)1 lF(JJ.OT,Nd)GU TO fill 
33Z IJ"JV-Nl*1 
333 IF((M1+M).(,T,JJ)(,0 TO 3111 
336 I1"M3+M 
33) - - eM4*N 
336 fI#JJ-M1-M+1 
33f IF(li,GT.NMbW)GO TW 3111 
338 K%"I|+(IJ-1j#NHHW 
33y S(KK)«S(KK;*ST(n,Vl) 
34U 3111 CONTINUE 

3&1 a%ll CONTINUE 
36«( c 
343 c POT RESTRAINTS 
344 t EUUAL DISPLACEMENT* 
345 D0j13J=1,HJX 
346 IF(NJ%(J).lk,U)G0TW313 
34r KNNlBNJXtJ]*2 
34B KNN^"KNN1+M0N*d 
34y KNhji3KNNT-1 " 
3>U KNN4«KNNi!-1 
3>1 KNN)"(N8k,*l)/«: 
3>f RNN6"KNN>+KNNl-KNNg 
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_ KNN7=KNN>+KNNJ-KNN* 
LN1«(KhN1-Nl)*NHbW*1 

3)5 _ lN4"(KNNd-N1)*NHBW*1 
3)6 " LN3»(KNNj-N1)*NHbW»1 ' 

IN**(KNN4-N1)*NH*W*1 
" " ' IN6«|,N̂  + NHBW-KNN0 

aSV lN7=LN4+NHbW-KNNf 
3AU ' I F ( ( KNNI , Qk , N1) .'AN Wy(l(NNTliy^V2)T* (TRll "S ( INI ) *D*A 
aai lF((KNNZ.Gk.Ni;.ANW,lKNN4.lk,N<))S(lN4)m;(lN<)*0A* 

lF((KNhd,Gk,Ni;.ANW,(KNNd,lE,N4))S(LN6)"S(lNO)"OAA 
lF((V.LE,KSX),ANP.tNFRX.EQ,*))G0TUj1j 

3*4 lF((KNN3,Ge,Hl).ANW,(KNNj,LE,NZ))S(lN4)*S(lNji)*DAA 
|F(lKNN4,Gk.N1).ANW.(KNN4,lE,Nd))5(l%4)«S(lN4)*0AA 

366 IF((kNN4,Gk,Nf)VANW,(K%N4,lE,Nd))b(LNr)*S(lNf;"0AA 
36/ 313 CONTINUE 
366 DU314J"1,MJY 
36* |F(NJY(J).ka,U)GUTV314 
37U KNN1,NJY(^)#^ 
3n KNNgaKNNI+d 
3i'̂  KNNjuKNNl-T 
3/3 KNN6"KNNZ-1 
3/4 KNN!*ii(NBW + 1)/<i! 
3/5 KN\6*KNN5+KNN1.KNN* 
gyt KNNy«KNN>+KNN3-KNN4 
3f/ LN1«(KNN1-N1)*NHbW*T 
3/B IN2*(KNN2-NT)*NMWW*1 
3fy lN3"(KNk3-N1)*NHWW*1 
30U Lh4"(KNN4"N1>*hHbW*1 
301 lN6«LN4+NHbW-KNN0 
3#^ lN7«|.N4 + Ntiew-KNNr 
**3 IF((KNN3.Gk,N1).ANW,(KNN3,lE,N%))8(lN3)«S(lN3)*DAA 
384 IF((KNN4.GE.N1),ANW,(KNN4,IE,N2))S(IN4)"S(IN4)*WAA 
38) |F((KNN4,Gb.N1).ANW,(KNN4,lk,N/))S(LN/)«$(kN/)"DAA 
J#6 ' IF((J.LE,MSY).AHD.INFHY,EQ,2))G0TU314 
ae/ lF((KH*1,Gk,N1).ANW,(K*N1,Le,NjJ)S(LN1)"S(LN1)*DAA 
3BM - ;F((KNNj,Ge,Ni;.ANW,(KNN2,lE,Nd))5llNd)"S(lN4)*DAA 
3*y IF((KNN/,Gk,Ni;,ANW,(KNNd,Lk,Nd))S(lN6;"S(lN6)"0AA 
3WU 314 CUhTfNUE 
3V1 C 
3yf lCHECK"(NZ-Nl+1)#NmWW ^ 
3*3 DU 3115 KKK*1,hRN 
3y& - KR"Nk(KKK) 
3y) Rl,UAD(KR)*U(KR) 
396 lC/3(Nd"N1j*NHbW*1 " 
3y/ KRd=KR 
3y« KRI'KR 
3yy NC#KR.N1*1 

4WU IF(KK,kT,Nd)VU TU J11> 
4U1 |F(KN-N1)3118,j117,311/ 
404 31 If LC*(KR-N1)#NMWW + 1 
&U3 LR"LC 
4U4 SILC)"1.U 
4V) PU 31iy hJ=d,MMWW 
4V6 LCBlC+1 
to/ KR1"KR1-1 
4UM IF(K%1.Lk.V)kn TU JIIV 
4VV klU4P(tH1)=HLUAD(KR1)"b(LL)*U(KN) 
41U 31iy S ( L C ) = U . U 

H I DU 31dV NI=1,HHMW 
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. KR<«KR<+1 
LR"LH+hMbw*1 

&14 |F(LR,0T.(LC2+MHbw;)6o TU jIdU 
41> RlUAD(KHd)"RLUAD(kN4)"S(lR)#U(KR) 
416 S(IPJ*U,V 

CONTINUE 
418 OU TU 4115 
41Y ai1# IF((N1-KR),bTiMH*WfOd"T&'ji15 
4dU LCC=N1-KR+1 
4i(1 MC"NMBW-N1+KR 

PU 3124 
4^j fF(l,CC.OT.I,(;HkLK;OV 
444 KRj"(LLC-1)/NHWW*NI 
4%b IF(kM3.GE.N1)RLUADiKR3T"RL0AD(KR3)-SXLCC)*U<kRr 
446 ;(ICC)"U.0 
4i(r LCC«LCC + NHUW*1 
4<0 aifZ CONTINUE 
4i(V Jllb CONTINUE 
4jU C 
4j1 C WRITE STIFFNESS M A r R i n N T C T T A P r 
4*4 C 

^Tul 
434 Ld"NMWw 
435 DO 313V NclilCOUNT 
446 WRITE(I) (5(I),I"Ll,ld) 
43f ' LI-n+NHWU ' 
4AB ai3U L<*ld+NHWW 
4av alio CONTINUE 
44U CALL SULVE(NNN,NMe*,RlUAP) 
441 ' 
44d DO ZU84 II"1,NNN 
443 fUb4 AlOAD(lI,JC)*MLOADlirr 
444 <0*2 CONTINUE 
4&) RETURN 
446 END 

4 4 & 
44Y SOWROUTIWE'SOLVEtNinKMlKl 
4bU COMMON/CSKA/A(dZUOy 
4>T DIMENSION ND(ZU0;,K(5%0TyX(23U4y/ACT(lT 
4>< DIMENSION N(NN; 

4)4 NR"NN"1 
4)5 NMmNN-MM 
456 NN1=NN*1 
4)r MM1sMM*! 
4)8 NCmZjOV/MM 

45V NW*NC#MM 
46U NRtC1«(NN+NL-Z;/NC"1 
461 

464 C DECOMPUSITION OF BAND MATRIX 

464 DO 110 J=1,MM 
465 n o 
466 C 
46f C SET UP FIRST TNIANkULAR^BLOCK IN A 
468 C 
46y REWIND 1 
4rU KEWIND 8 
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*71 
4/«! 

j 
474 
4f b 
4/6 
4f f 
4/6 
47V c 
4bV c 
461 t 
46^ K 
4bj 
4# 6 
46b 
4d6 
4Rr 
468 
46% 
4VU 
4y 1 
4y ̂  
4y a 
4y 4 
4y) 
4y 6 

4W/ 
4y 6 

4VV 
)uu 

c 
c 

>04 t 

>06 

»0d fc 
>oy c 
»1 u 
>11 
>1 ^ 
)1 j 
)1 4 
>1 > 
>16 
>1 f 

>18 t 
)1 V V 

c 
c 

»g4 

PU IjV 
IC1PN0(N)-N+1 
IC2"LC1+HM-1 

laU KtAD(1)(A(I),I=LL1fLC4/ 
NX#V 
NTRACK=1 ' 
NUMX*0 
DO fUU N=1,NR 

TRIANGLE IS SlMUlTMNgOUS^Y REDUCED AND SHIFTED 
PIVOTS AND MULTIPL*tKS ARE TRANSfkKRED TO X 

MR#M%NV(MM,NN1"N) 
VJ"NX*MM+1 
NX"NX+1 
PIV0T=A(1) 
X(JJ)"PIVOT 
DO IbO J=d,MR — 
l"ND(J) 

ISO F(J)#A(L) 

PO 160 J"2,MR 
C"F(j)/Pivur 

X(JJ)«C 
l"ND(J) 
11"NU(V-1)*1 
PO 160 1=2,J 

- l"l.1 
11 "11-1 

160 A(11)»A(L)-C*F(I) " 
|F(N"NM)191,1V1,19V 

STORE NEXT COLUMN 

IVI READ(1)(A(I),I«LC1'LCZ) ' 
IVU IF(NX»hC)dUU,jU1,2Vl 

'NC'REDUCED ROWS AMk WKfTTEN ON 'N*UFFf'P!5K"TKACK5 

ZU1 kRITE(a)(X(LX)VLX=l,NWT 
NUhX"NUMX+NW 
NX#0 

fUU CONTINUE 

X(JJ)=A(1) 
WRiTe(#;(x(LX],Lx*T,jjr 
NUMX"NUMX+JJ 

FORWARD REDUCTION-

NTWACXmO 
REWIND # 
NX*NC 
PU /4D N»1,NR 
MK»MINU(MM,NNl-N) 
IF(Nx-%C)^ju,ddv,^*y 

ddV IF(NUHX-Nw;<<0,<J1f<j1 
dda NWfNUMX 
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5JU KeAD(8)(X(lX),lX#1,NW) 
NUMX"NUMX"NW 

534 NX"V 

>46 NX#NX*1 
C«R(N) 

>4a K(N)"C/X(JJ)^ 
" b ' LI"N+l 
»je l4"l1+hR"Z 

>4U VJmJJ+1 
>&1 240 R(1)"R(I)-C*X(JJ)' " 
>&d VJ«NX*MM*1 
>*j ALAST=X(JJ) 
>»4 ALT(1)"ALAST 
>4b - |F(NX-NC)zaj,4 42,24* 
546 242 READ(8)(ALTILX),LX"1,1) 
>4/ 243 R(NN)=R(NN)/ALAST 
>40 C 
>4y C RACK SUBSTlTUTTOIf 
>>U C 

NwmNC*MM 
>>/ BACKSPACE * 
>>4 — %F(NX-MC)3U0,30T7T01 
>>4 3V1 WACKSPACk 0 
>>5 GO TO 312 
>56 3U0 Nwmjj 

312 READ(&) (X(lXy,lX"rrNfr 
>*# NW#NC*MM 
>>V NX«NN-NREC1*NC-i 
>6U PU /ao L«j,NN 
>01 N*NN1.L 
>62 MR«HIWU(MM,L)-
>64 NXmNX-l 
>64 IF(NX)2>1,2>U,2>U 
>6> 2>1 NTHACK=NT%ACk-N8UFK 
>66 BACK&PACk a 
>6r BACKSPACE d 
>60 NW*NC*HM 
>6? READ(WJ(X(LXy,lX*1,NW) 
>fU NX"NC-1 
>f1 2>0 ,<J"NX*MM + 1 
>y2 Li"N*i 
>r4 L2qL1+MR-Z 
>f4 WU 26U 1=11,12 
>f> - JJ"^J + 1 
>y6 260 R(N)*R(N)-X(JJ)*R((; 

>ff RETURN 
>fM END 
>fV 
>dU 
>01 SUBROUTINE STRESSES 
>62 CUMMQN /C0ATA/NEL,*N,NkN,NLOAPC,NTYPE,NEW,N*0,NBW,MOW,NN* 
>84 1,MDNA,MDNN,NRkP,NrfLX,MJX,MJY,MyX,MSY,MS1X,MS1Y,NfKX,k»RY 
>04 LU»MUN/CkL/kLXl>fO/,tLY(><U),EL/(>2U),kEE(>2V;,VVV(52vJ 
>0> C U M H U h / C k s r / N C U N l 5 ( " , 4 J , N K ( V > ; , A L U A D ( 1 > U U , 2 ) , U l 1 > V U ) 

>06 1,NJ%(11U),NJY(11V) 
>0f DiMENSIUh SiqMA(fbV,4,1) 
>00 PlhLNSiON tJ C4 (S) » D U) , 1 J , bTHfcSS (4 , 1 ? 
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»yu 

>y4 

>yy 
60U 
6U1 
aud 
6V j 
*U4 
6U> 
606 
6Uf 
6Vd 
6UY 
61 U 
611 
61 < 
61 a 
614 
61 5 
6 1 6 
61 f 
618 
619 
6dU 
6*1 
64/ 
6,(j 
6^4 
6<!5 
6^6 
6^/ 
6/8 
6/y 
6jO 
6j1 
6 j«; 
6jj 
6j4 
6j> 

Z/2 

*U> 

*U6 

2 U 7 
2U4 

doaa 

D I M E N S I O N N N E L ( f > 0 ' 4 ) , l N N O ( / b U , 4 ) , N P ( r > U ) 
DU d d Z I I « 1 , N E l 
DO J J = 1 , j 
DO 4 2 2 K k « 1 , N l U A U C 
SIQMA(I1,JU,KK)"U,V 
X.V,5 -
Y " 0 , ) 
DO 2 0 4 N N 1 * 1 V N E L 
DO / 0 5 J » 1 , N E N 
l1"(J-1)*NNU*y' 
l d * ( N C 0 N ( N N 1 , J ) - 1 ) " N N D * 1 
DO 2U5 K « 1 , N N U 
DO 4U5 L = 1 , N 1 0 A D C 
k1*K+Ll-1 
Kd"K*Ld"1 
T " A I W A D 
D ( K 1 , l ) * T 
D 1 * % L X ( N N 1 ) ^ -
D4*ElY(NNi; 
Da*ELZ(NN1) 
V " V V V ( N N 1 ) 
E " E E E ( N N 1 ) 
CALL S 1 W E S S M A T ( B , X ' Y , D 1 , D 4 , D 3 , E , V ) 
DO ^ 0 6 I l " 1 , j 
DO < 0 6 J J K l f N L V A W L 
C O 
DO 2 0 6 K K " 1 , a 
S*$+W(Il,Kk)#D(KKydjy 
S T K E 5 S ( l l , J j ) « S 
DO 2 0 / L = 1 , 3 - - -
DO 2 0 / K " 1 , N L 0 A D k 
S 1 6 M A ( N N 1 
CONTINUE 
DO l y y I « 1 , N L V A D C 
WRITE (6,2Uj3) I 

LfKj-STRfSSdTKT" 

LOMOCfSE" la/) FORMAT(1 H I , / X , 
WRITE ( 6 , 2 0 4 0 ) 

2 0 a 0 FORMAT ( 1 H U , 14H D i S P L A C k M E N T S / / ^ ^ 
1 1 X , ' N U U E N U , ' , 1 0 X , ' X - D | R E C T I 0 N ' , 1 V * , ' Y - O | R E C T I O N ' / ) 

DO 2 0 0 J = 1 , N N 7 
W l * 2 # J - 1 
J2P2*J 
WHITE ( 6 , 2 0 4 1 ) J , A L U A P ( J 1 , I ) , A L O A D ( J Z , l ) 
FORMAT ( I > , Z ( / X y t l 3 , 6 ) ) 
WRITE ( 6 , / U j 2 ) 

2 0 4 2 F O R M A T ( 1 H 1 , 2 0 X , ' S T K E S S A T - T M E C E N T H O I t " P O I N T OF THE E L k M E N T S ' / / 
1 ' E L , N O , ' , 4 % , ' S I V M * " X ' , y * , ' S I Q M A " Y ' , y X , 'S M E A R - S T R E S S 'f 

2 0 0 
2 0 3 1 

6jA 
6 j/ 
6 jb 
63V 
640 
641 
64y 
64 j 
644 
64) 
646 
64f 

2uy 

2 1 0 

2 f X , ' M A * . P R , S T R E S S ' , f X , ' M | N , P R , . S T R E S S ' , f x , ' P R , A N G L E ' / ) 
DO 20M K = 1 , N E L 
P I " S I ( , M A ( K , 1 , l ) * S i ( , M A ( K , 2 , : ) 
P 2 " 5 I Q M A ( k , 1 , I ) " S I U M A ( K , 2 , ! ) 
P j " S I C I l A ( k , 4 , I ) -
A * S Q R T ( 0 , 2 > * P 2 * K 2 * P 3 * P a ) 
PMAX" P 1 * l l , 5 * A — — 
PMXN" P 1 * 0 , 5 " A 
|F(AbS(P2)-u,uuooovirK09 7 2o9,7lO 
A " 4 ) 
(lO TO 21 1 ' " 
A " A T A N ( 2 * P a / P 2 ) * V 0 , U / j , 1 4 1 ) V 6 2 > 
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648 
64V 
6&U 
6>1 
6),; 
6 5 3 
6)4 
6)5 
6>6 
6»f 
6)0 
6)y 
660 
661 
66«! 
66j 
664 
66> 
666 
66f 
668 
66V 
6fU 
6f1 
6r/ 
6fa 
6f4 
6/5 
6^6 
6ff 
670 
6fV 
6du 
661 
66^ 
6#j 
664 
66) 
666 
66r 
668 
66V 
6yu 
6yi 
6*4 
6yj 
6y4 

211 CONTINUE 
dU6 WHlTk(O,<0a&) K,S1WMA(K,1,|),*IGMA(K,4,|), S|UMA(K,3,;;, 

iPMAXfPMiN, A 
«:0j4 FORMAT (I5,jX,5(k1),6,^Xf,Fy,,df 
ivy CUmTlNUE 

PU43UI=1,NN 
l«1 
DUdj1J"1,NkL' " 
00441K=1,NkN 
1 F (NCON( J , K) , Nkil ) VUTO^I 
NNCLU,l)"J 
INNU( I ,L)"K, 
NP(i;=l 

gJO 

^42 

235 

,NN ,j 

JJ,1)"U,0 

(%N2, 
(MNj, 

Eq,3))X"1 
EQ;4))Y"1 

446 

L"L*1 
CONTINUE 
CONTINUE 
PUjjjIIml 
P0djdJJ"1 
6IGMA(II, 
pOZjjI»1,NN 
NCOVNT»NP(I) 
PU2j4JJJ=1,NC0UNf 
NN1*NNLL(I,JJJ) 
NN2"LNN0(I,JJJ)-
X"V,V 
Y = O.V 
IF((NNd.EQ,d).OR, 
IF((NNZ.EQ.a).URV 
P0d3>J"1,NkN 
L1«()*NN0+1 
k%#(NC0N(hN1,J).1)#NND*1 
P0^j)K»1,NNO 
K1#K*L1-1 
K4"K*L<!-1 
T«AIUAD(K2,1) 
W(K1,1J=T 
01«ELX(NNi; 
Dg"kLY(NN1) 
Dj"ElZ(NNi; 
V«VVV(NN1) 
E«EEE(NN1) 
CALL STRESShAT(B,X'Y,D1fpZ,D3iE7V) 
00/4611=1,4 
s«u.u 
D0236Kk=1,6 
S = S*B(II,Kk)*P(KK,l ) 
STke*SlII,l;"S 

6y) 
6y6 
6y r 
6y6 
6yv 
/vu 
7V1 
fV/ 
ru4 

ruA 

247 
244 
244 

yv2i 

PU24fL=1,4 
SIGMA(I,l,1)mSTRkSail,1)/NC0UNT*5I6MA(I,l,1) 
CONTINUE —"— _ _ 
LUkTlNUE 
WN|TE(o,y021) 
FUWMAT(1M1,2UX, 

12X,'hODE NU, 
SThkSS AT 

,4X,'aiQMA-X 
THE NOPAL POINTS OF klEMkNTb'// 
,11X,'SlUMA-Y',11X,'SMEAH-STNkSS'/) 

PUd48k»1,N% 
WHXTt(6,yo<d)K,SlKnA(K,1,1),SIOMA(K,2,1),&l6M*lK,4,1) 

VV22 fUkMAT(l),4Xf4(E1b,0,4X;; 
240 CUNTIKVE 

NKEPcu 



268 

f v / W R I T k ( 6 , * 0 4 U ) 
f V G < U 4 0 F U R M A T 1 1 M 1 , ' S T N E & S E S ON J O I N E D N U D E S ' / / / ' M U R I Z O N T A L j V I N T S ' / / 
f V V 1 ' NUDk N O , S I O H A - Y ' / ) 
f l u D U j 4 U | = 1 , M S X ' ' ' ' 
/ I I N S A = N J X ( | ) 

f W | F ( N S A , I E . U ) 6 0 T 0 ^ 4 V 
f i a | f ( : , L k , M S 1 X ) G U T U 2 * 1 
fit NSA-NSA+MDN " " 
f l 5 2 4 1 J " N S A 

716 242 WKlTa(6,204l)j;siGmA(irf2rf) 
f i f < 0 4 1 F U H M A T ( I ) , t 1 6 , 6 ) 

y i e I K g l G M A ( J , 2 , 1 ) . I , E , V , 0 ) G 0 T 0 2 ) 1 
riv NREP"1 
^ 2 " " N S A " U — . 
f 2 1 2 ) 1 C O N T I N U E 
7 2 < 2 > 3 N J X d ) = N S A 

7 2 j | F ( I . L E . M S 1 X ) 0 U T U Z ) 4 
r 2 4 N V X ( I ) = N J X ( I ) - M D N 
f 2 ) 2 > 4 C O N T I N U E 

y 2 6 - 2 4 0 C O N T I N U E 
f 2 / W R | T e ( 6 , 2 0 4 j ) 

r2a 2043 fUKMATt' VERTlCAL^JOINTSTf/' ^NODE-NO, BIOMA-X'/) 
f 2 V D U 2 * > I " 1 , N S Y 
7 3 0 — N S A = N J Y ( I ) 
rai |F(NSA,LE.U)UUTU253 
7,)̂  IF(l,lk,MS1Y)GUTU2?0 
/3j NSA«NSA+1 
y 3 4 2 5 6 j ' N S A 

f 3 ) 2 5 7 W K | T E ( 6 , 2 0 4 1 ; J , S I G M A ( J , 1 , 1 ) 

fjO IF(SlGMA(j,1,1J,lE,V,U)60T02>y 
/jf NREP"1 
746 ' -NSA=0 
f a v 2 5 9 C O N T I N U E 
74U 260 NJYU)=NSA 
/ 4 1 | F ( I , L t . M S 1 Y ) Q U T U 2 0 < 
742 N J Y ( I ) = N J Y ( I ) - 1 
f t a 2 6 2 C O N T I N U E 

7 4 4 2 5 5 C O N T I N U E 
7 4 5 K E T U K N 

7 4 6 - END 
f 4 f C 

7 4 M C 
7Ay 
^ ^ Q ' • —— 
7 5 1 

7 5 2 S U B R O U T I N E F l M A T ( S « A , B / r 7 E E , V V ) 
7 5 j D I M E N S I O N & ( * , # ) 

f 5 t V " V V 
< 5 5 E " E E / ( 1 , 0 - V # V ) 
f 5 6 W=V 
/ 5 / U W 1 " U , 5 * ( 1 , U - V j 

f S G U«UW1 
7 5 V A b s A * 0 
7 6 U D = E * C / A B 

f e u F " W + U 

f O f G " W - u 

/ 6 j Y 2 # B # H 
7 6 4 X 2 = A * A 

/ 6 5 XUmU#%2 
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^66 YUmU#Y,! 
PU 1)U 

<68 1>U S(l,!)=D*(Yd*XU)/3,V 
fay Du 1)1 1=^,8,4 '^ 
f/u 151 S(1,|)«D*(*4*YU)/3,U 
fri S(1,d), S(4,f>, 6(a,6f "0*F#AB#U,<> 
ff< s(3,a)=s(i,d) 
yfj ^ B(1,j),S(>,f)=D#(XU-2*Yj)/670 
f/4 6(1,4),S(2,f),S(a,o;,S(),B)"D*6*Ab*0,Z) 
ff> ' S(1,5),S(j,/)»"'U,5"S(1,1) 
ffo S(1,6),S(Z,>),S(j,*),S(/,a)"-S(1,4) 
v/v s(i,f), sea,)) =u*iY2-<*xu) /o\u ^ 
ffB 5(1,a),S(2,j),S(4,a),S(6,f)m-S(1,4) 
ffV 5(Z,4),S(6,G)=D*(X*-4*YU)/6,U 
raw 5(%,6),s(4,a)=-0,s's(<,/; 
7*1 S(Z,d),S(4,6)«D*(YV"d#Xd;/6,U ^ 
fBZ DU 1SZ 1= 1,M 
roj 00 i>z J" 1,1 
f*4 IS* 5(i,j)=s(j,i; 
f*> ' KkTURN " " 

END 
ygf 

re/ 
fvu 

ry< 
y y j - -

fW4 SUBRUUTINE STRES5M*T(G,X,Y,A,B,C,k,V) 
DIMENSION 

rva Du 100 i*i,j 
uu ivv J=1,6 

ryo 1U0 G(i,j)=u,o 
/vv klmt /A/B/(1.U-V*V) 
MUU '̂"((̂ O-'S.O + VaVf+EI 
BUI Q=(j,V#V*V"d,U)#k1 
#0/ M1*V*E1 
bOj ' h,g,U,5#E /A/W/(1-W*V} 
8U4 bZ«Z,U*P+U 
b05 Gi«p*«:.u*Q ^ 
8U6 A<aA*G</e,V 
NOr A1«A*G1 /6.0 
dUB bdm8#C4/6.V 
bUY ( * 1 « B # G 1 / 6 . U 
81V G(1 , 1 ) = - e Z * ( 1 , V"Y)"b1*Y 
811 6(1,i!)=-U.>*H1*A 
ai/ b(1,j)=-G(1,1) 

813 G(1,4)=G(1,<) 
814 0(1,))=B1*(1.U-Y)+Bd#Y 
81) - - G(1,0)=-G(1,d) -
816 Q(1,f)«-G(1,>) 
81 f 0(1,8)«G(1,t,; 
818 0 12,1)"-U,5*H1*8 
8iy 0(Z,Z)=-AZ*(1.U-X)-A1*X 
8ZV G(d,j)c-U(/,i; 
8<1 G(d,4)=-A1*(1.U-*)-A<*X 

8<j Q(Z,6)=-G(d,4) 
8d4 Q(<,f)=G(/^1) 
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OjU 
BAT 

#3) 

Q(2,4)="G(<,*) 
G(j,1)="U.>*Hd#A 
G()#dJ""U 

6(3,4)"-0(j,2) 

G(j,*)"0(j,4) 

G(a,*)=0(j,4) 
KCTURN 
END 
FINISH ' 




