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ABSTRACT

FACULTY OF ENGINEERING AND APPLIED SCIENCE

DEPARTMENT OF CIVIL ENGINEERING

Doctor of Philosophy

THE COMPOSITE BEHAVIOUR OF WALLS INTERACTING WITH FLEXURAL MEMBERS

by John Robin Riddington

A study is made of the composite interactive behaviour of wall on
beam and infilled frame type structures.

Simple design methods are developed for both types of structure and
it is anticipated that these will be included in a new reviged version
of BS449, the British Standard for structural steelwork decign.

Finite element computer programs 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 produéed
for the main design parameters. The results from the analyses of infilled
frames are shown to confirm the accuracy of the simple desiugn method
for laterally loaded infilled frames; Suggestions are given for including
vertical loading in the design method.

Two sets of wall on beam model tests are described, Ths
consisted of plaster walls with steel beams. The results Irom these
tests were used in the development of the design method fcr walls on

beams. The second set consisted of an araldite wall with ztz2l Te2amg,



The results from these tests were used to check the accuracy of the
finite element computer analyses,
The apparatus design and initial testing for a series of tests %o

determine diagonal compressive strength of masonry under infill type

ot

oading is also described.
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NOTATION

Clear span of beam

Height of wall or infill

Length of infill

Thickness of wall or infill

Diagonal length of infill

Length of contact

Length of beam inbuilding

Depth of wall below beam

Length of wall past end of span

Effective width of infill

Slope of infill diagonal to horizontal
Breadth of steel section

Depth of gteel section

Second moment of area of beam or frame member
Section modulus of beam

Section modulus of beam required for self weight
Central beam deflecticn

Specified maximum design deflection

Modulus of elasticity of beam or frame member
Modulus of elagticity of wall

Modulus of elasticity of infill

Poissonfs ratio |

Coefficient of friction

Vertical wall load

Beam self weight plus floor loading



mv

Wall crushing load

Horizontal load on infilled frame

Diagonal load on infill

Tie force in beam

Horizontal shear force per unit length

Moment in beam

Uniformly distributed moment (WL/8)

Peak wall compressive siress

Bond shear strength

Compressive strength of plaster

Diagonal compressive strength of infill material
Diagonal tensile strength of infill material
Characteristic vertical strength of the infill material
Ultimate shear strength

Permissible compressive stress in wall material
Permissible compressive stress in concrete encasement
material

Permissible stress in steel beam

Peak shear stress on wall-beam interface

Horizontal shear stress

Diagonal tensile stress

Vertical stress

Partial safety factor for load

Partial safety factor for the compressive strenszth of
brickwork or blockwork

Partial safety factor for the shear strength of brickwork



PR
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EWtL3
Relative stiffness paraméters ( i )

4
t
Relative stiffness parameter ( Z%Ih )

Beam self weight parameter (1 - ZS/Z)
Beam length of contact constant (Ke/L)
Percentage difference

x~direction coordinate

y=direction coordinate

x-direction displacement

y-direction displacement

Beam tie force parameter (Wﬁ/T)

Beam sagging moment parameter (WﬁL/M)

Beam hogging moment parameter (WﬁL/M)

,...,A8 Displacement variables
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CHAPTER 1

GENERAL INTRODUCTION

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 frames are often infilled with partition walls, it has been
the practice in this country to design the frames for lateral loading
by totally ignoring thekstiffening 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 cone
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-
cped in the walls. Another example of inefficient design in structures
is that of a wall on a beam. Although this form of gtructure 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 pasgt, 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 walls on beams and infilled frames.
Simple design methods are developed for both of these structures which

take into account compogite 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 gtudy of their composite elagtic behaviour,

In addition to the analytical study, model testing was undcrtaken
on wall on beam sgtructures and diagonal compression tests were init-

iated to determine masonry compressive strength under infill type

loading.



CHAPTER 2

WALLS ON BEAMS: INTRODUCTION AND REVIEW

OF PREVIOUS 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 congidered as a tied arch system with the wall
arching between the beam supports and the beam acting as the tie as
shown in Fig. 2.7. 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 vigible separation of
the beam awzy from the wall can resgult from this interaction effect,

The arching behaviour produces concentrations of vertical and horizontal

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

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

hogging effect of the oultward thrust of the wall arch, produces a much

beam, than if the same load

ot
[N
=
ot
jny
0]

lower bending momen
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

@
o
[

country, the design methods used have usually been intultive
empirical. A relatively simple design method igs developed in this

thesis for the design of walls on steel beams, This desigr ~sthod has

48]

been developed in associstion with the British Standards Commitiee

B/20/5 and the method will probably be included in a new revised
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FIG. 2.1 COMPOSLTE ACTLON OF A WALL, ON A BHAM
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Standard on structural steelwork design.
In addition to the development of the design method, a theoretical
and sxperimental investigation was undertaken into the elastic

behaviour of walls on beams. For the thecretical investigation, a

finite element program was developed which allowed for crack mereration
on the i~beam interface.




2.2 Review of previous work

Dischinger1, in 1932, and Durant and GarWoodz, 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.

Wood3, 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 ccncrete beams. The first method consisted of calculating
the beam reinforcement using an egquivalent beam bending momert of
WL/100 when door and window openings were absent or occurred st mid-
span, and WL/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 beight, but
not greater than 0.7 x beam span. Reslrictions were imposed for both
methods that the wall height should exceed 0,6 x span and that the beam
span to depth ratio should be between 15 and 20.

Rosenhaupt4"6 pregented in hig Doctor of Science thesis and two
papers published in 1962 and 1964, a finite difference solution 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 aszumpticn
that the bending rigidity of the beam is small enough to be reglected,

This has the effect of eliminating the normal stress betweer ire wnall
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entire load is therefore carried st

wall, and the exact solution of the p

ities at these points. Since the i

calculate the vertical wall stress imue

nts, the result is inversely proportional to ithe

yeis cannot, therefore, provide any u

stress concentration and the beam

in 1966, presented an approximate sclution for the

on beam problem, based on minimising the strain energy of sy stem

ueing the Tantorovich method. In the analysis, the ape
expressed ag a power series in the horizcrtal dirvection, the coelf

@

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

first two terms of the power ses

to have led fo considerable errors in

O

interface region. Using the method, Coull undertock & par

onn the basic wall on beam problem.

i

ne , in 1969, presented a solution for the wall on bean

H

1 representing the structure by a lattice analogyv, @

C}

tial eguations for the systenm

The Poisson®s ratio for the structure

in 1969, published the results from a series of ten

tg carried out at the Building Research Station. The

of single leaf brick walls regting on simply

b ratio, and as a result, Burhouse concluded




8

0.6 as was

8 .
Colbourrne®s method of analys

T, in 1969, presented a paper ¢

4 bearing brick walls on simply

gn method was basged on the idea of eguivalent bean nos

]
. wer . R 1
>4 by Wood in 19527. In the design method,

C“

is related to the allowable degree of stress cond

A sliding scale is introduced so that when a wail

is allowed, the design moment

ear its working stress, and no

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

ndamental objection to this desigr method.

iz absolutely no evidence that the distribution of =

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

\

wd. In fact, the results of Woodts o

that the form of the vertical siress distribution

along the bean remains virtually unchanged as the

P i B s
L Arbon , in 1969, published a p

element method was used to analyse some wall on bean structures. The
bagic two degrees of freedom per node, triangvler finite

wzs used in thelr program, WNo crack generation was allowed

the wall-beam boundary. The results from only a few ardlyoes

i

inded in the paper. The problems analysed included tbe cace o

on beam structure resting directly on an elastic =cil

12,13

also used the finite element method %o stud- wall on

Green °

Tn his program, Green combined

Ml

vm findte elementsg, The zhuly
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CHAPTER 3

WALLS ON BEAMS:; DEVELOPMENT OF A SIMPLE DESTIGH METHOD

3.7 Introduction

This work was undertaken at the instigation of the Britigh
Standards Institute Committee B/20/5. A simple design method for the

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

2

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

¢

the structural steelwork code of practice. The design method was
limited to considering steel beams as these were the cnly beamns
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
gplit into four main stages of development, although in fact its
development was more gradual with intermedizte stages which have not
been included here. The first design method produced four forrulae
for designing the beam against the various limiting conditions.
Onfortunately the beam section could only be found from these formulae
by trial and error. Additional information became availatle during
the period that the iterative first design method was being transforned
into a non~iterative design procedure., This information came from the
analytical and experimenfal research being undertaken concurrently and
described in Chaplers 4 and.5. The zecond design method ic 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 a direct development on the seccnd method,
but accounts for beam self weight effects, which were not considered

when developing the second method. This third method ig zzzirn non-



iterative and can be used in the form presented for design work,
Trne fourth cesign methed is the method finally accepted by the Britizh
Standards Institute Committee. It is again non-iterative znd allows

Fal

for both beam self weight and beam level loading,



12

3.2 Development of the first design method

3.2.1 Basic concepts

The extent of the arching effect between a wall and bear an? the
resultant stress distribution in the wall-beam syctem ic chows in
Chapter 4 to be dependent on the relctive stiffness of the two componentsz.
With changes in beam flexural stiffness,from very stiff to very flexible,
so the composite behaviour changes from a uwnifornly 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 usvally 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. 3.7(a) and 3.1(b). (These results are from the K = 15,

E/EW = 20, finite element analysis described in Chapter 4). Both of
these stress distributions can be approximated by triargular 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

% 1

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

A |

derived a relationship for the length of contact @ between The beam
and the foundation. This can be expressed in terms of a parameter K

and a constant B by

iR
|

Wi
L

where
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FIG. 3.1(1) TYPICAL SHEAR STRESS DT STRIBUTION ON WALL-BEAM BOUNDARY

]
[
—

10 <

M%m

FIG. 3.7(b) TYPICAL VERTICAL STRESS DISTRIBUTION ON WAL]-BHAM BOUNDARY
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Pli;. 3.2(b) WALL ON BEAM
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in which for the problem currently being considered, Ew ard t are the
elestic modulus and thickness of the wall, respectively, arnd BEI ard L
re the flexural rigidity and span of the beam, respectively.
" i
Hetényi calculated the value of B to be m//2 . Thus Eq., 3.1
becomes

2,22
= = ... 3.3

iR

It will be noted that the height of the wall has not been included
in the parameter K. Green12 and Burhouse9 have shown that for wall
héights exceeding 0,6L, there are only small variations in the wall
stregs distribution close to the beam. To have included a heiglkt
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 desigr method that the wall height must be greater than C.6L,
In one of Burhouse's tests, where the wall height was 0.33L, slip along
the interface occcurred.

At this first stage of developing the design method, four possitle
limiting conditions were considered.

These were:- (a) Bending stress in the beam,
(b) Deflection of the beam.
(c) Bond stresses between the encasemert and the tear.

(a) Peak compressive stress in the wall.

3.2.2 Bending stresg in the bean

Considering the limiting condition of bending stress in the beax,
it was proposed to make the conservative design assumption that the

length of contact is 1.5 times that given in Eg. 3.3



o

% ’ /%a:’ X 2922 363‘;3

1.8, = m = A
- o PR
X o

T 5 T 6 K

is the permissible stregs in the

W
T
)
=
et
o
©
H
©
g

vrozimated to

P

gt

Lt will be noted that when calculating the peak beam stress and

£
]

ction, no account has been taken of the tie force and the revers

the shear force acting on the wall-beam interface,

calculations indicated that the net effect of the tis

rse moment were excluded from the peak beam stress and

calculations.

(=

ctoion of beam

[
b

[

ag that given in Eq. 3.3.

idering the beam central deflection, the lerpgth of contact

£
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The central deflection, &, will then be given by

Wwof 2 2

L
5 = EI <48 T 120

5 o
) o s 3.0

Substituting « = 2.22L/K gives

2

5 P (222 2.223) -
= il e & o Je
KEI 48 12@K2
2 223
The term.—i-§ is relatively small and can be neglected.
120K
2
0.046 WWLJ
Thus § = B . . . 3.0
This was approximated to
WWL3
& R P

20KET a 8
where 6S is a gpecified 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 crncasement
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

1.5
e g . flxaz 15 RNERT

Wood O proposed that the value of the horizontal shear
between the wall and beam was approximately Wﬁ/4.4. Thiz valuse wac
calculated by assuming a parabolic line of thruut in the wall of helgri

0.55L. After undertaking a parameter study uning the firiie elorard



Ews

technigue, Greenéz suggested that the value was Wﬁ/4, The value of
ijé&ﬁ was adopted for this design method. Wood also recommended that
the maximum value for bond stress should be taken as Pcb/2o’ where Py
is the permissible compressive strength of the concrete encasement
material .
Assuming bond to occur around a2 beam section perimeter length of
(B

B

+ DP} and that the shear stress distribution can be taken as

trisngular. The limiting condition for bond stress is given Tv

2. W
w
4.8 x 1.50 x 2(By + D) P Poy/20

W K
] W
6,6L(BB+:DB') - Pcb/ZO ... 3413

This was approximated to

W K
W

7L(B:B+ DB} )4 Pcb/zo e .. 3,14

2,2.5 Peak compressgive stress in the wall

i\
1]
{1}

The length of contact assumed for the peak compressicr ==r
the wall was taken as in BEq. 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

]
2
ot
il
=
Lt
~,A
(a2t

whors fb ig the peak wall otreno.



Tlus substituting in for o from Eg. 3.12 gives

WWK
Lt s Pb

wiiro
.

where P. is the maximum permissible ccmpressive wall stress.

b

3.2.6 Summary of the design method

.16

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

by a method of trial and error, to ernwure that it satisfied all the

four failure criteria given in Section 3.2.7.
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3 Development of a second design method

50

3.3.7 Introduction

The previously described design method was iterative and thus
inconvernient 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 modification of some of the

assumptions on which the first design method was based.

3.3.2 Modifications caused by additional information

The plaster model tests, the Building Research Establishment 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 summarised in Table 3.1. It can be zeer

jod
=]

bede

that the actual length of contact as represented by the B values
considerably less than 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 differencesg in beam support
restraint. Considering Fig. 3.2(a), it can be seen that the Tean on
elastic foundation theory should relate in Fig. 3.2(b) tc z case wie

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

the beam are free to rotate, as in the current preblem, the length of

contact will be reduced. New, more realistic estimates of tire lenstn

fa

"

of contact were introduced into the design method using the resul

shown in Table 3.1. These were given by:-
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in estimating the compresgive brickwork stress
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icated in Figs. 3.1(a) and 3.7(h).




In & series of ten full scale wall on besn tests undertaken by
b

Rurhouse’, the greatest beam deflection recorded at fail: was L/BAD.

vbed by the first

considerably redvced by the

%

reing moment due to the sh

the calculation. &Since a beam deflection of 1/840 is well

below any probable beam deflection limit and the accurate deterumination

of the deflection wag likely to be difficult, the deflection condition
was dropped from this design method.

>

g then left three conditions to congider

it

‘h

futo

N

(a) Peak wall stress,
- B e -
(b) Bending stress in the steel beam.

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

3.3.2 Limiting condition of peak wall stress

£ before from Hg. 3.15

b w
" : 0.7 .
Introducing the assumption that % = ~€#é gives

}iéeﬁ _L e r— s

LAt
5
[h
o
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Combining Eq. 3.20 and 3.21 gives

EW 3 WW4
I = — .tL". -
B O.7S4fb4 L4t4
E_ Wﬁ4
lae- I = —E ry 4 4 3 « - jc/d
.75 fb Lt
If the maximum permissible brickwork stress ig Pb then
EW Wﬁ4
1 K Y R ' .. . 3.23
0.75 Pb Lt

The ratio EW;E is assumed to be 1:30, This ig thought to be a

typical value when comparing a masonry wall with a steel

bean, Taking
this value Eq. 3.23 becomes

w%4
I <

—y .. 324
9.5Lt3pb4

Using Bq. 3.24, it is possible to find the lightest beam section
that ensures that the limiting wall stress Pb is not exceeded.
however, necegsary to check that the permissible bending stress o

steel section is not exceeded.

Again neglecting the reverse moment, the peal: beam morer’

given by
Moo= Dy 3.23
= 6 d L4 s
. . . . 1.5
It is assumed for bending that I = X
WL
S = e . e .2
Thu M K 3.26
From Eq. 3.20
0.75 .
¥ = 0.10 ,
W Py Lt
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W 2
Thus M = L “7
3P.t * L4 7 o
b
If the maximum permissible steel stress is Pst’ the required
section modulus, Z, of the beam is given by
W °
Z 4 555 ... 3.28
3 Pst Pbt

3.3.4 Limiting condition of bending stress in the steel bean

If the section chosen from Eq. 3.24 does not satisfy Eq. 3.28, it
1s then necessary to select a new steel section to satisfy thre bending
stress limit. This section will ther automatically saticf, the brick-
work stress limit provided ifs I value is greater than that given by
Eq. 3.24. It would not be correct to choose a new section wucing
Bg. 3.28 because Eq. 3.28 is only applicable when the wall is stressed
to its maximum value Pb.

Using Bq. 3.26

WﬁL
Required 72 £ N . .. 3.29
st
EW 1
From Eq. 3.2 and assuming T - 30 as before
3OI + & a S J

Combining Eq. 3.29 and 3.30 gives
W L
W

301
’ ¢ 4Pst

tL3

®
Wt
®
L]
—d
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Using Eg. 3.31, it is possible, by trial and error, for a gziven
loading, span and wall thickness, to find the lightest bear tection
and corresponding K value that satisfies the steel stress limit Pst‘
Using a Hewlett Packard programmable calculator, results were calculaterd
for various spans and loading with a 9 inch wall and a steel 1imit of
23,500 1bf/in2 which corresponds to mild steel. The results are shown
in Table 3.,2. Table 3.2 also includes results calculated using Eq. 3.24
with a wall stress limit of 450 lbf/in2 and results calculated using a

WL type design. For four span-loading combinations, approximate

8

calculations were undertaken that included the effects of reverse
moment, tie force and beam encasement and these regults are also
included in Table 3.2. Only compressive stresses were allowed in the
encasement material in thege calculations as the material was assumed
to have cracked in tension. These last results indicate that hoth 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 is approximately reliated
to the intensity of the wall loading. A graph of X against the loading
per ft. was constructed faking a conservative value of K at each locad
level and this is shown in Fig. 3.4. Using this graph and 2q. 3.29,
the beam could be designed directly without any iterative procesze,

The graph applies only to systems with a 9 in. thick wall =2 & rz
permissible steel stress of 10.5T/iﬁ2, i.e. 23,500 1bf/in2. To obtain
K graphs for other wall thickness and steel strength combinaiicns,

further calculations of the type above were reguiredl.



TESIGN  METHOD VALUES RECALCULATED  ACCOUNTING FOR REVERSE
bl 13 B SS ANT Nl TN OF CONORITRE
REQUTRED DESTIGN FOR STEE, LIMIT OF 10’5?}/in¢« MO}’«}CNT, TIE STRESS AND 0w UTTON OF CONCEETE 70 1
LOAD/FT | TOTAL | REQUIRED sigégoggﬂ REQUIRED | PARAMETER| BFAM | BRICKWORK CONCEETE COMP-
LOAD SECTION, GTRESS LLNTT SECTION SYRESS | STRESS ¥ £, T RESSIVE STHESS
bt Ibf | FROM M = o2 o Ty £ £ s o T
8 OF 450 1bf/in K st b o
10,000 | 400000 | NONE AVATIABLE N.4, UB 24x9x84 10,88 | 22467 1344 10.80] 20,9501 1333 471
B,000 | 320000 | UB 36x165x230 N.A. 218 x68 12,24 22426 1209
40 g 4,000 | 160000 33x 1% 30 UB 30x103x115 16x5Ex31 17,25 23535 #52
2,000 | 80000 24%9x94 163%55x31 12x4%16 .5 23,69 23154 585
1,000 40000 21xB8kx62 RET Gx3%x11.5 | RST 6x33x11.5 35.36 19200 437 33,46 16,490 413 499
10,000 | 250000 | UR 33x1iE N.A, UB 18xTHxd5 10,35 22952 1278
8,000 | 270000 30x10% WA, 16x7x36 11,61 22955 1 1146
25 g 4,000 | 100000 21x83%82 UB 21x8hx62 12x%4x19 15,80 22187 780
2,000 | 50000 18xT5%45 1ox4x16.5 | RST 6x3dx11,5 24,86 21339 613
1,000 25000 14565330 REJ 4x8kx6.5 %6 .5 35,26 20296 435
10,000 1 150000 | UB 24x9x68 UB 36x12¢170 | UB 12x5%25 10,05 23405 1241
#,000 1 120000 18 TEn66 27x10x114 12xdx19 10,77 23432 1064
15 G 4,000 60000 15x6x40 Sy RST 6x3xl1,5 16,95 20537 837
2,0001 30000 1R 325 RST 6x3ix11.5 Ax2hxb .5 24,01 21435 594
1,0001 15000 104x17 Wx2%4, 5 3x2x4.5 30,58 16595 378
10,000 { 80000 | UB 14x63x30 UB 24x9u68 RSJ 7xdx14.5 5,23 19906 1140 8.831 15,800 1090 367
83,0001 64000 10x5x28 18x6x45 6x3%x11.5 10,58 | 20544 1044
8 G 4,0001 32000 8x5Ex20 10x4x15 4x2%%6,5 15,00 | 19539 741
2,000 16000 |BST Txdx14.5 REJ 4x25x6.5 3x2x4.5 19.09 15127 471
1,000 8000 3%2%x4.5 3x2xd.5 19,09 7564 236 16,561 4,817 204 141
TABLE 3.2 BEAM SIZES FOR DIFFERENT SPANS AND LOADING TO

SATISFY DIFFERENT LIMITS

9¢
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At this stage it was decided to convert the design method to limit
state and metric form. The three main design equations 3.724, 3.28
and 3.29 required no alterations. The K graph did need changing to
account for the higher design steel stress and the lower design
loading.

Calculations were undertaken as before uging Eq, 3.3%7 to determine
by trial and error the lightest beam section that satisfied the steel
stress 1limit for a range of spans and loading corregponding to those
used previousgly 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. (133 in.) were also included.
Taking the lowest X value for each loading level asg 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. 3.37.
The six design curves for K are shown in Fig. 3.5.

Using Egs. 3.24, 3.28 and 3.29 and the K curves it was now possible

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

3.3.5 Shear force consideration

The tendency of the wall to arch across the ends of the supporting
beam induces a horigontal shear force at each end. The shear strengtih
of the wall-beam connection and the encasement of the bear must e
adequate to transfer this shear force into the steel beam.

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

wall height exceeded 0.6L, it was considered more convenier® to include

the shear force condition as a check rather thar az 2 desizn zriisria,
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As before the value of the horizontal thrust is taken as Wﬁ/4'4'
This is distributed triangularly over a length of contact given in
Eq. 3.1 as

_ L
@ = K

Thus the maximum horirontal force per wmit length, HY, iz giver hy

WW K
U e 5
H = 5 o7 ... 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 K value can be calculated

using Bg. 3.20.. Combining Egqs. 3.20 and 3.32 gives

Lt
.

L
Lot

v
H' = 0.34 Pbt

N L
3.3.6 Required wall gtrength if . degign beam used
8

In certain design cases when a weak wall material is used, the
bean section calculated when using the wall stregs limit may be heavier
than that taken when using a Y%E type design. It was thought possible
that some designers might prefer to use a lighter beam and then

gtrengthen the wall. The minimum required wall design strength can

be found by combining Egs. 3.20 and 3.30

4
ie P, 4 Wﬁ’ tL3
o b 0.75 Lt 30T
4/
i.e. P 4 0.57W ——— A v
b w Tt51 '

3.3.7 Summary of the degign procedure for the second desigm method

1. a) Select a beam to satisfy the wall stress cconditicr =sin

oy
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e
I f —Fe— 3.35
9,5Lt3P 4

b

b) Check the selected section for the bending stress condition
using >

W
Z 4 = ... 3.36

3Pst PbJC
If the Z of the steel seetion chosen by Eq. 3.35 satisfies Eq.3.36,
the beam is adequate in bending and Stages 3 and 4 remain to cowmplete
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 tc the loading
intensity WW/L, the wall thickness and the appropriste grade of
steel. Values of K for wall thicknesses between those given
can be found by linear interpolation. Then select a sectior to
satisfy

WWL
7z < Z§f§g; ... 3237

Proceed to stage 4.

3. If the steel section designed in Stage 1 is less economical thern

the section designed by

WWL
7 4 §§;;~ . . . 3.38

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

supports is increased to a minimum strength of

4} 1
P. = O.5TW_ |——
b v 1T

The region of strengthened wall shovld extend horizertal and

Las
N

v
W

vertical distances of L/10 along the cpan and upward., recrocchively

from each support.
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A check on the adequacy of the mortar or encasement in resisting

4.

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

following formulae.

The maximum horizontal force per unit length, H!, at the ends
gin, ’

of the beam is given by:-

a) when the wall stress is limiting or the bteam is designed

WWL
for -—8""‘

HY = 0.34 Pbt . . . 3.40

b) when the bending stress is limiting

W K
i — i
H = 5 . . . 3.41
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3.4 Development of the third desien method

3.4.1 Introduction

When developing the second design method, no consideration was
given to beam self weight effects. In certain cases these effects
can be important and so this third design method was developed to
include allowances for these self 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 regquired to

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

WW4
I ¢ —— 3,42

3, 4
9.5 Lt Pb

where WW is the sum of the wall self weight and the superimposed
loading on the wall,

Again it is necessary to check whether the section chosen from
Bq. 3.42 satisfies the beam steel stress. Using Eq. 3.36 and adding
the section modulus required for the beam self weight, ZS, gives

W 2

W
Z ¢ == + Z
3PPt . 3,43
If the beam designed by Eq. 3.42 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 Eg. 3.43 must only be uczed to check
beams designed by Eq. 3.42. It is not a general design equation
because it is invalidated when the brickwork stress is not equal to

Pb'
In certain cases of light loading with strong brickwork it is
possible to design by this method a beam of such a small section that
its self weight 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 encasged with 5 cm. of cover and the encagement material was assumed
to have cracked so that it could take no tensile stress. Spans between
2m 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 DB 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
gide effect. Repeated calculationg showed that if the limit state
design brickwork stress was less than 6000 KN/mg, the wall thickness
less than 340 mm., and the beam depth not less than L/25, ther a beam
design for wall stresses by Eg. 3.42 automatically satisfied the team
bending stress condition of EBq. 3.43. Therefore, the beam could be
designed using only the brickwork 1limit and, if necessary, increasing
the section depth to L/25 without any check on the beam stresses,

When the design brickwork stress is greater than 600C Ki/m2, it
is necessary to check the beam stress using Eq. 3.43. This check must
be made before any increase of depth to L/25 as Eq. 3.43 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, Beam bending stress limit

If the beam degign by Eq. 3.42 does not meet the requirement of
Eq. 3.43, only the wall stresses are satisfied and it is necesgsary
to redesign the beam to satisfy the steel stress condition.

The design should now be based on Eq. 3.37, but with the addition
of the section modulus required for the beam self weight.

W L
i.e. z%Z—K—,—V%—--+28 C .. 3.44
st

K!' is defined by the same equation as K, i.e. Eg. 3.2. It is
identified from K because when the beam is stiffened to account for
self-weight, the resultant X' 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. 1t should be no*ted
that it would be incorrect to design the beam by first neglecting its
self-weight, and then increasing the beam by ZS to account for the
gself-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 cenire of the
spar. The overall effect would be to increase the beam momert to
above the design value.

Bq. 3.44 can again only be solved iteratively, since Fig. 3.5 is
not applicable. The problem was again studied using the programmarle
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 ZS value



36

were computed, together with the maximum wall loading, Wﬁ, 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 XK' and the
inten sity of loading Wﬁ/L 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 XK' against W@/L taking the most
conservative points i.e. those with the leagt K' for a particular WW/L
value. These K' curves are shown in Fig. 3.7. Ag might be expected
the greatest differences between the X' curves in Pig. 3.7 and the X
curves in Fig. 3.5 occur for the lowest Wﬁ/L values, when self weight
effects become more important.

The results also indicated a reasonable relationship between ZS/Z
and W'W/L2 as shown in Fig. 3.8. Thus relationship is virtuaily inde-
pendent of wall thickness and steel strength. A conservative curve of
log(1 - ;F ) against WW/L2 was constructed, as in Fig. 3.9. A log
curve was chosen because it was more convenient to use for low WW/L2

values, The non-dimensional term (1 - Z/2), will be defined as a

variable C.

Ww L
From Eq. 3.44 Z -~ ZS $£ W
st
Wﬁ L
therefore 7z & 7
S
1 o —
4K (1 - 5P,
Ww L
or 7 < TKCD A

st

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 found by linear interpolation. If necessary the cection
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. 3.471 by

WW K? :
1 —
H - 2.2]:‘ & 39 4‘6
Thus the peak shear stress, v, on this boundary is given by
0.45 WﬁK'
e —— 4
T 7T .« . 3,47
An estimate of the ultimate shear strength, fs, is given by
fS = be+ " Uy_ . e . j.48

in which fbs is the bond shear strength, u the coefficient of intermal

friction and o_ the compressive stress normal to the shearing plane.

A conservative estimate of u between the brickwork and concrete

encasement is 0,5 and, when unencased, between the brickwork and the

steel beam is 0.3.16

Therefore, for an encased beam

AN

.
NN
O

fsszs+0.50y . e .

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

cannot be relied upon

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

the value of Gy is given by Eq. 3.20 as
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WW Kt
S LA 3.5
Sy = 0.75Lt e e 3457
Therefore the available strengths are:
for an encased beam
Wﬁ Kt
= P~y
fs = fbs + 0,67 I . 5.52
and for an unencased beam
WW KXt
fs = 004 L_t e - . 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
U, it seems reasonable to neglect shear failure 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 Egs. 3.47 and 3.52 for unencased sections,
the chear stress is likely to exceed the shear strength. Therefore
unencased beams are excluded from the design method unless special

means 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 equa£ions used in the second design method reguire no alter-
ation to account for beam loading, except that Wﬁ in Eg. %.:7 zroulil
be replaced by (WW‘+ WS) s Ws is the self weight of the bear plus any

adjacent slab loading acting on the beam.

3.4.6 Summary of the design procedure for the third design method

B

Method I when the brickwork or blockwork design stress P, dozz no?d

n

exceed 6000 KN/m2
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1. Select a steel section using
w4
W

I £ ———
9.5Lt3pb4

2. If for the selected section, D_ < L/25 select an alternative

B
section with Dy > L/25 and I not less than given by Ea. 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 Pb exceeds

6000 KN/mz.
1. Select a steel section using Bq. 3.54 of Method TI.

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

E ZS .« . 3.55
]

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

If not, proceed to step 3 below.

3. Use Figs. 3.7 and 3.9 to determine values of the dimencionless
numbers K' and C, respectively, using interpolation if necegsary.

Then select an alternative section usging

W L

A G A— . . . 3.56
KT P,

Then proceed to steps 2 and 3 in Method I.
Method ITTI when Methods T or IT result in a heavier steel section

than given by a design for distributed load moment WL/8 or if the beam

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

to satisfy
(Wﬁ,+ WS)L

8 PSJC

cos 3.57

in which WS is the self weight of the encased beam plus the glab

loading, if present.

The strength of the brickwork or blockwork within horizontal and
vertical distances of L/10 from the supports, must be increased,

if necessary to satisfy

4/ 7
P& 0.57W Y — . . . 3.58

Lt3I
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3.5 Development of the fourth design method

3.5.17 Introduction

The fourth design method is the method accepted by the Pritish
Standards Institute Committee. This method allows both heam selfl
weight and other beam loading to be included in one simple desgign
method. The main disadvantage of the third design method was that
beam level Joading, other than beam gelf 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
becauge its other purpose ©f in some cases designing a lighter beam
by strengthening the brickwork could also be achieved using the other
method if the brickwerk was strengthened.

The brickwork compressive stress and the beam bending ctress are
taken as the two limiting conditions., The wall shear stress is not
considered because Section 3.4.4 showed it not to be limiting wher the

beam was encaged.

30502 Peak wall stress limit

The beam loading will not affect the size of beam required to
satisfy the peak wall streegs limit,
Thus from Bq. 3.54

w4
I 4 —----—13‘L-Z . . . 3.59
9,.5L% pb

Again it is necessary to check whether the section chorer from

Eq. 3.59 satisfies the beam secticn., In the third design netrod 1%

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

strength was greater than 6000 KN/m“ and the beam depthr wa: .reater
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than L/25. In this fourth design method, it will always be necessary
to check the beam stresses, because beam loading is allowed and this
increases the beam stresses.
Using Eg. 3.55, and adding the section modulus required for a uniformly
distributed beam load of Ws’ which includes the beam self weight,

gives

Ll 2 W L
s

z ¢ Z

et 3.60
3ps‘bpb K 8pst

If the beam designed by Eq. 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 degigned by Eq. 3.59 because Eq. 3.59 is invalidated if the
brickwork stress is not equal to Dye

If Egs. 3.59 and 3,60 are both satisfied then the minimum depth

restriction of L/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 Bg. 3.60, only the wall stresses are satisfied and it ic 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 thenr to increase

INe
o

0
3
1
1

the beam by the section modulus required to sustain this bearn
It would be incorrect, because to stiffen the beam to account for the
beam loading, would reduce the X value, which would consequertly
increase the beam moment due to the wall loading.

An investigation was undertaken to discover the magnitude of the

errors that developed when the beam wag designed by congidering the
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wall and beam loading separately. The investigation was undertaker

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
K1, and the wall load, Wﬁ’ that this beam would take assuming that
there was no beam loading were calculated using Egs. 3.30 and 3.29. The
beam loading, Ws’ 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 modulus of the original
beam and the section modulus required for beam loading was calculated
and a new beam section chosen from this value. The new K value, Kz, of
the configuration using this section was calculated. The beam moment
due to wall loading is inversely proportional to the K value. Thus

the percentage increase in the beam moment due to wall loading, Pq,

is given by:

WL WL
LA
&K, " 4K,
P, = I x 100%
v
44
or P, = K(—L--—l-)xmo% 3.61
’I"’ 1K2 K—} <t ‘

The percentage increase in the total beam moment, PQ, is given by

WL WL
LA

o L BG T

2 T Wy wi * 0%
w 3

-+
&, 8
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or P, = —2—1 1 1008 ... 3.62

The P values relate to the errors that would develop in estimating
the beam moment if the beam section was chosen by considering 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, P1, increased as the beam loading increased.

The more important error term, Pz, relating to the total beam
moment was found not to increase with increasing beam leoading, but
stayed fairly constant between 10 and 20 percent. This can be explained
since although the P1 error increases With increasing beam loading, the
proportion of the total moment that P1 relates to reduces at avout the
same rate as P1 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 rmoment coull
be calculated assuming that the wall and beam loading acted independen
without increasing the resulting moment by the factor of 20 percent.

The required section could thus be calculated fror Eg. 3.37 of zrs

second design method with the addition of the section modulus reguired

~

for the beam loading.

Wﬁ L WS L
i.€, 7z 4 +
4Kpst 8pst

.. . 3.63
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The K curves of the second design method, shown in Fig., 3.9, will
be applicable to Eq. 3.63 and thus no iteration procedure is required
to select a beam section.

Since the beam moment had effectively been reduced by 17% in
Eq. 3.63, it seemed reasonable to reduce the beam moment due to wall

loading in Eq. 3.60 by a similar factor giving

e w1
w S

+
3'6pstpb 8pst

Z < . . . 3.64

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 order that composite action can develop, the wall is reguired
to act as an arch, Any holes in the arching region of the wall 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 design method is shown in Fig. 3.1C.

In developing the design method, the assumption was made that the
wall loading Wﬁ wag reasonably uniformly spread across the sparn. For
this reason, the provision is made that the line of action of the wall

load is within the middle third of the span.

3.5.5 SBummary of fourth design method

Provisions. The following provisions shall apply

(a) the beam shall be a uniform hot-rolled section symmetrical about
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its vertical axis and encased except when definite provision is made
tc transfer an outward thrust of Wﬁ/4 from the ends of the wall to the
beam.
(b) the beam shall be propped during construction 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 Wﬁ must not lie outside the middle
third of the span.
(e) the arching region shown in Fig. 3.10 must not be penetrated by
holes. Holes are permitted in the wall above and below the arching
region. However, in the case of holes above the arching region

(1) 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 individvally

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 weight of beam + total slab load, multiplied by apprcpriate
collapse limit state load factors.

-~ steel characteristic strength = collapse limit state zirezs
factor

(brickwork or blockwork characteristic strength % col

limit state stress factor) multiplied by local allowalle stress

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

- thickness of wall.

Design procedure

Any consistent set of units may be used in Eqs. 3.65, 3.6% and

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

(a)

(b)

()

The procedure is as follows:

Select a steel beam section to satisfy the permissible brickwork

(or blockwork) stress using

w4
W

3.4
9.5Lt Py

I 4 . . 3.65

Check the adequacy of the selected section for bending stress

using

sz WS L
z 4 + ... 3.66
3'6pstp’bJC 8pst

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

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

Use Fig. 3.5 to find the value of K appropriate to Ww/L, t and
Peys interpolating if necessary. Select a new section to satisfy

the bending stress using

WL W L
W 8

()Y
- \J

Z ¢

+
4Kpst 8pst

In this case the wall stress will be below the maximum psrmissitble
value and need not be considered. Proceed to steps (d) and (e).
If necessary increase the depth of the steel section to give a
minimum depth/span ratio of 1/25 ensuring that the valuess of I

and 7Z are not reduced.
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(e) Check the steel section for adequacy against vertical chear.
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3.6 Conclusions

The main conclusions from this chapter can be summarized as

follows: -

(1) The design of masonry walls on encased steel beams, 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 floorloading, 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
wall on beam 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 elagtic 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 made of the

behaviour of more complicated wall on beam structures.



54

4.2 Development of finite element computer programs to aralyse wall

on beam problems

4.2.17 Introduction

Twc separate computer programs were developed to anal /se wall on
beam structures. The main difference between the prcgrams 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 rmodulus 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 store 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
1
Choudhury 7. 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 = A1 + A2x + A3y'+ A4xy P |

<
I

A5+A6X+A7y+A8Xy .

The program supplied the solution in the form of the » ard v
displacements for each node, together with the centroid strenses., Tre

stresses calculated were the horizontal, vertical and shear ctresses
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as well as the direction and magnitude of the principal strences.

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 twe more valuesg of elastic modulus. The first was to reprecent
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 inconvenierce
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
element, developed by Lau18, 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 takernn., The zrezr
stress is teken as being constant over the elemernt.

Several analyses were undertaken to test the new element against

the previous element. These analyses seemed to indicate tha™ the new
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element did give slightly improved results, which was shown by
increases in beam deflection and stress concentration in the wall
above the supports.

Using the program in this form, with the new element and the
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 cobtain a
comparison between the experimental and theoretical results.

At this stage, it was decided to try a different method of
represernting 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
initially by Lau18, In its original form, rectangular elements of the
new type were used. The program allowed for only one size of elements
with one material property. The solution was givern for the % and 7
displacements for each node together with the averaged streszez at the
nodes which included the principal stresseg with their direciionz.

Several major modifications were required. The first waco to
adapt the program to allow for different sized elements with different

Cam o
=N

material properties to represent brick, mortar and beam elermsrisz,

Tre
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next stage was to introduce a routine to create the ceparation crack
by separation of nodes. It was desirable to achieve the neparation of
nodeg 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
gstiffness matrix which was very undesirable, This is illustrated in
Fig, 4.7. The method chosen to overcome these problems is now deg-
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. Thiz forced

4

the two nodes to have equal displacements. The pogitioning of th
linking matrix in the stiffness matrix is shown in Fig, 4.2, To
separate the nodeg, the linking matrix was removed from the nodesg
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 perpendiculer to the wall-beam
boundary as shown in Fig. 4.3. This was known to be incorrect., At

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

connected to elements of different material properties, Or the tomdary
prop g

where two elements of different properties are joined, the stress snoul
be continuous across the boundary, while the strain shoulc e coniiruou
parallel to the boundary. ILater findings indicated that the “ope of

element was probably at fault, bul this was not suspected at the time,
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When the centroid stresses of the elements immediately above the
vall-tean interface were calculated, the wave effect was nol apparent.
The centrcid stresses were thus thought to be a suitable reference
for the stresses on which the separation cracking could be based.

The separation crack was formed sutomatically by firct ansl,sing
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., Thigs was continued until a
compression element was found. The analysis and separstion was repeated
until no further elemenis became tensile, It was found to be necessary
to check only the elements still conrected, because the elemer’s where
separation had already occurred often changed tc glight compressiorn.

Using the program in this form, about thirty analyses were under-
taken in which the parameters affecting the basic wall on beanm problem
were studied. Also several analyses were completed which reproduced
the tests conducted at the Building Research Establishment and at the
University of Southampton. These tests are described in Chapier 5.

It was found that the results from some of these analvses were
dependent on the element grid adopted. This was due to the fact that
the stresses change very rapidly close to the wall-beam interface as
shown in Fig. 4.4. The length of separation in the analvseg could be
affected by both the vertical and horizontal distance of the elerent
centroids from the wall-beam interface nodes., Also, hecauce wall
stresses vary very rapidly near the support, the centrcid ctrezs of
the wall element closest to the support did not give a gocd irndication
of the peak wall stress.

Several different quadratic and cubic interpclaticrn sri 27 ré-
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polation functions were introduced into the program to try to sclve 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 four elements
above the beam down 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 thesge values to estimate
the vertical stresses at the nodes. Separation of a node was undertaken
when either the estimated nodal vertical stress or the central vertical
stress on the support side of the node was in tension.

Although 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 immediately above the support. Another estimate of the peak wall
stress was obtained by using guadratic functions in a similar manner to
the cubic functione,

At this stage a further ten parameter study analyses were con-
ducted., Some of these analyses were on gtructure: with beans of high
flexural stiffness. The results from these analyses again indicated
a wave effect on the vertical stress distribution of the trre zncwm

A+ e
Lo

[

in Fig. 4.3. The deflection curves of the beams alsc appear
improbable as shown in Fig. 4.5. The reason for these results wag

traced to the type of finite element being used. One disadvantage of
Lau's rectangular finite element is that the shear stress iz comstant

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

stress varies linearly over the element, In most problems, the constant

ot

PR

shear stress characteristic caused no obviocus errorg, bu

in the analyses where the beams had high flexural stiffrezz, <re ocirnzizr
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shear stress failed to represent accurately the stresses close tc the
support. On further consideration, it was realised that the vertical
stress wave effect, noticed when using nodal stresses, was also likely
to have been caused by the shear stress characteristic of tre finite
element.

Due to the above problems, it was decided to revert back o the
basic rectangular finite element . This was relatively simple, requir-
ing only changes in the element stiffness and stress matrices., It was
decided to continue usiﬁg 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 twent, parameter study
problems were analysed. These analyses were mainly repeats of analyses
undertaken using the other finite element. Less analyses were required
becauge information was already available on which problems to study
and which element grids to use.

Two final modifications were made fto the program. In the first,
the program was altered so that it could analyse structures of the type
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 GComparison of presert analysis method with earlier analyses.

4,3.17 Barlier methods of analysis

Rosenhaupt4—6, Coull7, Colbourne8 and Green ©7 13 a11 attempled to
analyse wall on beam structures using methods described in Crapier 2,
Rosenhaupt used the Airy stress function and solved the resulting
differential equations by the method of finite differences. He
simplified the problem by assuming that the bending stiffness of the
beam was negligible compared with that of the wall. TUnfortunately this
has the effect of eliminating the normal stress between the wall and
beam, Whiéh results in the entire load being transferred through the
bottom corrners of the wall. Rosenhaupt's finite difference solution
for the stress at the wall corners was thus dependent on the mesh size,
since an exact solution would produce singularities at these corner
points. For this reason, no comparison is given here betweer Roseri-
haupt's method of analysis and the present method.

Coull used the method of Kanotorvich to minimisé the energy of
the system and thus obftain 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. Cclrourne
used finite differences and Green used finite elements to ortain treir

gsolutions. 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, Colbourrne and Grezer,
1t was tlus convenient to analyse this problem using the precent compu-

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

The final version of the program was used in this ccmpar’ som analvsis
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i.e. the Fortran program with the normal rectangular finite eleme-t,

The dimensions of the structure analysed were: wall heizht 72 in.:
wall breadth 108 in.j; wall thickness 4.5 in.; beam depth £.9592 in.;
beam width 4.5 in. The ratio of the modulus of elasticity of the beam
to that of the wall was taken as 30. A vertical compressive stress
of 1 lb/inz. 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 requiremen't was reduced,.

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

Figa 407.

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

4.9 and 4.70. The results from Coull's, Colbourne's and Green's
analyses were originally plotted by Green. The results from the present
analyses were plotted from the no separation analysis since these results
were comparable with the earlier analyses., For the stregs distribution
on the wall-beam interface, the extrapolated stress results were used.
Coullts 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 terms 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
gseen in Pig. 4.8, the true stress distribution is not paraboloidal and
this accounts for the differences.
Figs. 4.8, 4.9 and 4.70 indicate excellent agreement betweer the
present analysis and Colbourne's and Green's analyses. As well as to
some extent ?erifying the present finite element program, the results

also indicate that the cubic extrapolation functiong operate reasonably

£
forned

accurately, This is important becauvse the separatior. crack iz

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 were undertaken to investigate
the parameters controlling the behaviour of the basic wall on bheam
structure. The basic structure was taken as that of the wall being of
the 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 distributed loading at the top of the wall.
This was the structure and loading agssumed when developing the approx-
imate design method described in Chapter 3. Although this representation
of wall on beam structures may seem extremely 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 extends 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 K, the ratio of the elastic modulus
of the beam to the wall, the relative height 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 elemen®

As stated in Section 4.2.3, a considerably number of aralrses of
the basic wall on beam problem were undertaken usirg the version of the
Fortran computer program that included the finite element developed by

Lau, Although these results were not considered reliable erzugh %< be
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used quantitatively, they could be used to indicate the main parameters
affecting the behaviour.

All the analyses had a beam épan of 10 m, a wall and beam thickness
of 100 m.m. and the wall was taken to be homogenecus with a modulus of
elagticity of 10 KN/mmz. A uniformly distributed load of 1000 KN was
applied at the top of the wall. In the analyses the ratio between the
bear and the wall modulus of elasticity was varied between 1 and 20,

The beam depth was varied to give a range of XK values between 5 and 30,

Four analyses were undertaken to establish the importarnce of the
values taken for the Poisson's ratios of the wall and beam. Varying
the Poisson's ratio between O and 0.25 was found to have little effect
on the wall and beam stresses as can be geen in Table 4.7. Since the
value of the Poisson's ratio was of little importance, a value of 0,15
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 Chapier
3, the asgsumption was made that for wall heights greater than 0.6 x beam
span, the structural behaviour was indeperndent 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 4.7, 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 spar. 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, whilst

being reasonably economical on computer time and store reguircment, It
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~ structure with the Lau type element.

B BEstimated Beam stresses at centre of spar
K 5 Notes peak wall
w strfss 5 Bottom of _Top of
x10 3KN /mm”{ beam beam_ -
%10~ 3KN /mm? x 10" "3 /mm
v = 0.15
151 4 vwall _ o.15 -19.6 8.62 2,94
beam = °
v = 0.10
5] 4| oo ~19.7 8.59 2.96
beam ‘
AYJ = 0015
0| 4| "o -38.9 9.76 7.76
V. = 0,15
peain
Vv = 0.0
1
0 4| ™ -39.4 9.76 7.75
) = 0,0
“beam
15 | 4 | Wall height = 7m | =19.6 8.68 3.03
15 | 4 | Wall height =10m | -19.6 8.62 2.94
15 4 | Wall height =15m -19.6 8.62 2.94
5 4 | 2 rows of elements] - 6.90 4.2 ~1.04
in beam _
51 4| 4 rows of elements| - 7.00 4.10 ~1.06
in beam ~
5 1} 2 rows of elements] -~ 3.70 2.06 -0.35
L in beam
5 1 4 rows of elements| ~ 3.82 2.07 -0,38
in beam
Table 4,1 PFinite element results for the basic wall on beam
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was found 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. Alsgo 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 156 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 are far from square, 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

vergion of the computer program

'Using the final version of the computer program, wiic! Included
the normal four node rectangular element, a series of analyses were
undertaken to study the behaviour of the basic wall on beam problen
in relation to the two main controlling parameters, K and E/EW. The
earlier analyses had indicated that although the main contrclling

parameter was the K value of the system, which represented the relative
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FIG. 4.11 TYPICAL FINITE ELEMENT GRID UZED I
WALL ON BEAM AVALYSES
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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. Thizs modulus
of elasticity ratio was important because for the same ¥ value, the
axial stiffness of the beam was varied by the modulus of elauticity
ratio, which in turn affected the tie action of the beam.

The dimensions of the structures considered were: wall height
and span 10 m, and wall and beam thickness 0.1 m., The wall had a
modulus of elasticity of 10 KN/mm3 and both wall and beam had Poissonts
ratios of 0.15. The depth of the beam and its modulus of elasticity
were varied to give the desired values of K and E/EW. 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 L/25. Trial calculations on various spans
indicated that this restriction limited the X value to below 15. The
K value for reinforced concrete beam gystems 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 X values between 2.5 and
15 in steps of 2.5.The K 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 considered, of 4 and 30
for the whole range of the six K values. For three of the K values,
additional analyses were conducted with modulus of elasticity ratios
of 1 and 20,

From the analysis for K = 5 and.E/EW = 4, the comprescive principal
stress results, after separation, were plotted over the area of the

wall as a proportion of the applied vertical stress as shown in Fig. 4.12,
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The stress pattern clearly indicates the basic wall on beanm behaviour
with the wall arching between the supports and stress concentrations
forming in the wall corners.

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 k1 wag calculated
where the tie force T = Wﬁ/k1, and for the moment, the value k, was
calculated, where the moment M = WﬁL/kg' The peak wall stress 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 4.2 and 4.3. It will be seen that the effects of
separation become more néticeable as the X value increases as might be
expected. The separation effects also increase as the E/EW ratio
reduces for any K value. A reduction in the E/Ew ratio produces a
reduction in the axial stiffness of the beam if the K value and thus
the flexural stiffness is kept constant. The main effect of separation
ig to increase 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 K value is to increase the peak
wall stress and deflection, whilst reducing the beam moments. The beam

tie force tends to increasge rapidly until full arching action occurs at
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B Peak wall k1 k2 Central'beam
E B, |t ation |(Tin fore | (mmeny | Cfiection
= w/k1) = WﬁL/kz) m.m.

2.5] 4 2.56 7.47 15.5 0.75
2.5130 3.74 T.42 14.6 0.37

5 1 1 3.68 4.24 36.8 3.12

5 4 6.92 3.75 50.4 1.54

5 120 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 “
7.5 130 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 3.59 108.7 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 2.07

15 | 1 15.46 5.21 164.3 4.56

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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Central

B Peak wall k1 5
B, | Sreentration (T%e force | (Moment deflection
= w/k1) = WﬁL/kQ) m.m,
2.5 4 | 2.56 T.47 15.5 0.75
2.51 30 3.74 7.42 14.6 0.37
5 1 3.70 4.39 37.0 3.14
51 4 6.90 3.85 50.5 1.56
5 120 9.55 3.82 50.0 1.23
5 |30 9.86 3.85 48.4 1.20
7.50 4| 1152 3.99 98.4 2.41
7.51 30 16,31 . 3.83 108.6 1.91
10 | 1 10.98 5.16 103.9 5.98
10 4 16.89 4,31 142.4 3.44
10 | 20 21.41 3.83 127.3 2.58
10 | 30 21.86 3.84 118.6 2,45
12.5] 4 22,07 4.44 195.7 4.3?
12.5] 30 28.18 3.89 170.0 2.77
15 | 1 20,90 5.80 193.7 9.54
15 | 4 28.52 4.65 264.5 5.12
15 | 20 34.46 3.96 250.8 3.34
15 | 30 34.92 3.91 238.9 3.05

Table 4,3

Wall on beam resulte after separation
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about K = 5. For higher K values the tie force reduces slightly as
the axial stiffness of the beam reduces and allows the arch to spread
further,

The effect of increasing the E/EW ratio, and thus the beam axial
stiffness, for a constant K 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 reductiong in the beam moments and deflection.

In Fig. 4.13 the moment values are plotted against K as a fraction
of a uniformly distributed load moment WﬁL/8 and the tie force values
are plotted as a fraction of the applied load WW= In Fig. 4.4 the
wall stress concentration factor values are plotted on a log graph
against a relative stiffness factor EWtL3/EI or K4. In Fig. 4.15, the
beam moment factor k2 values are plotted on a log graph againot K4,

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 constructing
Figs. 4.73 to 4.15, For the peak wall stress, the after separation
values were more conservative and for the beam tie force and moment,
the before separation values were usually more conservative.

The tie force results shown in Fig. 4.13 indicate thati once the
composite action has become fully active at about K = 5, the tie force
remains reasonably steady for higher K values. Slightly higher tie
forces resulted from the analyses with the higher EB/EW ratio, as
might have been expected since the beams in these analyses had a higher
axial stiffness.

The tie force agsumed in the design method of Wﬁ/4.4 is apprec~
iably less than the analyses peak value of Ww/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 W@/3.4 because the available shear streazth ic
gtill, from Eq. 3.52

W K?

W -
fS = f.bs+ 0.67 Lt s & e 4-J

while the new peak shear stress is given by

WW,K‘
T = 0.59 B

Thus the analyses results do not 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 WW/3,4,

It can be seen from Figs. 4.13 and 4.15 that the desizn method
esgtimate of beam moment is very conservative compared with: the analyzes
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, when the tie
force is added to the analyses moments. It was found that this per-
centage value increased with X, so that for a K value of 15, the
increase was in the order of 50%. The summed stresses were, however,
still very conservative compared with the design moment stresses over
the whole range of X values considered, Although it would have teen
possible to reduce the moment used in the design method, thiz was not
considered worthwhile for the following reasons
(1) The WWL/4K design moment was already very economical compared
with o wniformly distributed load moment, c.g. for K = 10, the design

mothod moment is only 20% of the uniformly distributed 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 increace in moment
that resulted when the beam was stiffened to account for beam level
loading, If the design moment was reduced, so thai the design stresces
matched the analyses stresses, the above assumpiion would be unsafe and
some method of including the increase in moment would 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 casges, 2

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 and 4.15 that a conservative estimate of this i given by

4/3

3y \EA 2
WWL/4 (EWtL /EL Y= oy WWL/4K
The wall stress concentration results are shown in Fig. 4.74.
It will be seen that the analyses results are usually higher than fthe
agsumed design method values. The highest wall stresses were given

by the analyses with E/EW = 30. The equation best representing these

results is:

.

s
N

Stress concentration = 1.63(EWtL3/EI)%“

wnile the design method values are given by:

Stress concentration = 1.33(EWtL3/EI 4.6

Although the design could fairly easily have been altered to

]

account for higher stress concentrations, this was not undertaXern fo
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 results wag

I s

nought to be due to the fact that compressive failure only occurred
in the tests when the stress reached the compressive strengsth over a

finite area, while in the analytical regults, the stress iz cale.lated

ini
at one extremely localised point.
(2) 1In practice, the wall is often continuous over the susport and
the beam usually has some rotational restraint, and both of these

factors tend to reduce the peak wall stresses.

4.4.4 Conclusions

The main conclusion from this section can be summarized as

follows:~-

(1) Altnough 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 esgstimated conservatively as

Tie force = Wﬁ/3,4 B

3 jer
W, L/4( B tL /EL

1l

Beam moment

Wall stress concentration = 1.63(EWtL3/EI)i
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4.5 Analysig of other wall on beam problems

4.5.7 Introduction

The parameter study of Section 4.4 was concerned with the most
basic wall on beam structure. This structure being a wall supported
by a beam of the same length as the wall, with the beam heing zimply
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 & wall or being conrected with
full or partial rigidity to supporting columns. In some cases tne
wall will be continuous over the support. The rnumber of parameters
controlling the behaviour of the structure under these conditions is
high. The parameters which control the rotational restraint of the
beamn are: 1f the beam is inbuilt, the length of inbuilding and the
height, properties and horizontal restraint of the wall below tae
support; 1f the beam is connected to columns, the rigidity of fixing
and the properties and length of the columng, Other parameters affect-
ing the structural behaviour include the length of the wall heyond the
support and the height of the wall.

A comprehensgive gtudy of all of these parameters was outside the
scope of this work. Instead, selected analyses were undertalen,
varying some of the parameters, so that a qualitative, rather tThan
quantitative uwnderstanding 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 atudy. Th
regults from the analyses are sgshown in Table 4.4, The notabtion for

A1 L

dimensions used in the analyses is shown in Fig. 4.72. I zll of
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FIG. 4.16 NOTATION FOR TABLE 4.4
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analyses the structures had a K value of 15 and an E/EW ratio of 4.

TR

Analyses 1 and 2 were of the basic wall on beam structure wibh ihe
wall heights used in the other analyses, Analyseg 3,4, an’ 5 were of
& similar structure to the analysis 2 structure, except thai differings
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
regtraint 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 (aralyses
1 and 2). Comparing the analyses 3 to 15 results with the basizc 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 beam. The peak

im

hogging moment exceeds the peak sagging moment, but this horz

is less than the sagging moment developed in the basic wall -r Tean
structure, These peak moments develop in the beams 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 that is
likely to develop close to the supports.

Fig. 4.17 shows the vertical stress in the wall above itne tean

for analyses 3, 4 and 5. In these analyses, the wall and bheamn were of

the same length and the length of the support vertical restraint was
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varied. The stress distribution, awgy from the supports iz seen to be
virtually unaltered by the restraint length changes, whilct 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 0.5
and 0.75 m restraint length analyses. The peak wall stress reduces
with increasing beam rotational restraint, but the rate of reduction
is legs for the higher restréint lengths, Other behaviour trends are
indicated by the results giﬁen in Table 4.4. The central beam deflec-
tion is reduced with increasing restraint length. The deflecsion 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
restraint 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
extended 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

length. The peak stresses for these analyses are less than trose for
the corresponding analyses 3, 4 and 5 which were without the wall
extension., Other behaviour trends are indicated by the resilts in

Table 4.4. The central beam deflection, the peak beaz tie force and
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the peak sagging moment all reduce very slightly with increasing
regtraint length and are all less than the values given by aralyses
3,4 and 5., The peak hogging moment also reduces with increasing
resiraint length which is opposite to the trend of the reg.lts from
analyses 3, 4 and 5. The peak hogging moments are less tharn the
analyses 3, 4 and 5 values.

In analyses 7, 9, 10 and 11 the wall extension length was varied
whilst the length of vertical restraint at the beam support was kept
constant. Again the results in Table 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 a1 alonz the
length of the wall extension. A1l 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 15) were on structures wnich

took the form shown in Fig. 4.16., Problems with restraint application

®
I}
D

were experienced. In analysis 15, where only vertical restraints w
applied at the base of the wall, the wall below beam level tended to
act in bending, and this was thought to be unrealistic. TIn analyses
13 anZ 14, additional horizontal resiraints were applisd *: the rase
nd side of the wall as shown in Table 4.4. This level of westrzin
must be considered rather higher thar would normally exist ir practice.
However one trend is clearly indicated by the results from asalysec
13 and 14, and this is a reduction in all the previously mernticnsi

factors with an increage in wall height.
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4.5.3 Conclusions

The main conclusions from this section can be summnarized as

4 4

(1) A wall on beam structure with beam rotational restraint aid with
the wall continuous over the supports can be designed conservatively
using the results from the basic wall on beam structure anulyces,
provided an allowance is made for hogging as well as sagging momento,
The peak hogging moment, which occurs close to the support:s, can he
taken conservatively as equal to the peal sagging moment found in the
bagic 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 intc the wall extensions is related to the wall
height and the wall horizontal extension length as well as other

parameters.,
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4.6 Conclusions
The main conclusions from this chapter may be summarized as

-
oLiLowWg: -

Py

FanN

1)  Tne computer programs developed will 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 differcd to some

extent from the assumed design method values, none of these differences

require any change in the design method.

(3) The design method will give conservative results for wall on bean
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 more accurate design

recommendations could be given.



CHAPTER 5

WALLS ON BEAMS: EXPERIMENTAL TESTING

5

5.1 Introduction

Four separate sets of tests are described in this chapler.
The first set of tests were model tests of plaster walls on oleel
beams. The results from these first tests provided data for the
development of the approximate design method described in Chapter 3.

The second set of tests were again on models. These congisted

of araldite walls on steel beams. The results of these tesls were

5]

compared with results obtained from the finite elemert computler program,
so that the accuracy of the compuber analyses resulte could be
lished,

Two further sets of tests are described briefly. The first of
these were conducted at the Building Research Establistment on full
scale masonry walls supported by encased sbteel beams. The final tests

were conducted at the University of Southampton on small masonry walls

supported by reinforced concrete
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5.2 Plaster wall on steel beam model tests

5.2.7 Model and apparatus descripbion

#

The walls in the models were of height 300 mm, width 450 wm.and
were cast from dental plaster. This material was chosen hccause 1t
could be cast easily and its material properties became stabls 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 mm and 6 mm., were taken., These were
calculated to give K values as defined in Eg. 3,2 of approximately 10,
15 and 25,

The walls were cast directly onto the beams so that initial it
problems would be avoided. At first they were cast vertically between
glass sheets., Unfortinately, 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

cacting

o9

cylinder samples were also produced. These had a cross-

sectional area of 2 gquare inches and a height of 3 inches, The were

H

used to establish the modulus of elasgticity and crushing strerngth ol

the plaster.

It was expected thzt a separation crack would develop on the wall-
beam interface when the models were tested. It wasg important to measure
the length of this crack as accurately as possible so thzt the lengthb
of contact could be found. The first method used to indica~s Zrie lenz=khk

of the crack was to paint a layer of a brittle varsnisnh over tne join

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. 5.7. The loading was applied by means of a 10,000 1b
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 corners 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 Huggenburger tensometers were used to measure
the vertical strain in the wall cormners above the supports. They were

gset with a gauge length of half an inch.

5.2.2 Tegt 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 KN, 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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Unfortunately these deflection figures had to be disregarded because

it was later discovered that the main support beam was deflscting
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 corner regions.

When loaded to failure, the failure mechanism was always that of
crushing in one of the wall corners above the support. As socon as
crushing occurred, no higher load could be carried by the model. This
was expected because when the corner fails the load is transferred
towards the centre of the span. This results in increased beam bending
énd a corregponding 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 vertical strain, each cylinder was
subjected to two loadings up to 15 KN in 1 KN 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 removal of the tensometers the

cylinders were loaded to failure and the failure stress thus calculated,

5:2.3 Results calculations

It was thoughtthat the length of contact « was related to the

a4

parameter K, defined in Eq. 3.2, by a relationship of the t/pe
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5.1

i
{
Aol

where B is a constant to be determined.

The value 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 structure 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

S
B I S R4

b) from the calculated peak wall stress £, using
Wﬁ K
B = = .. .0 5.3
fth

where Wﬁ is the applied vertical load.

¢) from the wall crushing load Wﬁf’ assuming that failure occurred
when the triangularly distributed compressive stress distribution

reached the compressive strength of the plaster fbu’

W
B = Wf . ¢ . 504

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. ZEgs. 5.3 and 5.4 are expected to
underestimate B because the peak wall stress is higher than that given

by a triangular stress distribution as shown in Fig. 3.7(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 disparit; between thesge
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 hag the
effect of reducing the length of contact and thus the B value.

Unfortunately none of thesge test results could be used +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 cormers. 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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Beamn Plaster modulus ' Estimated B value
Test | depth | of elasticity K | From From From
mm. KN /mm2 measured| measured | failure
contact | peak load
length stress
1 18 16.3 11.21 1.02 0.90 0.78
2 12 16,1 15,1 1.16 0.77 0.96
3 6 13.5 24.21 1.21 1.28 1.02
4 12 13.5 14.41 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

5.3.7 Model and loading apparatus

The object of these tests was to obtain results 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
wag chosen because of itg good linear elastic properties and long term
gtability. Silica flour was added to the mix to increase the modulus
of elasticity of the wall, so that the E/Ew.ratio would be reduced.
The araldite mix proportions by weight were 100 parts araldite CT200,
30 parte hardener and 200 parts siliaflour. 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 25 mm,
by 25 mm. by 100 mm. prism samples were also cut from the sheet, These
were used to determine the modulus of elasticity and Poisson's ratio of
the material. The remainder of the sheet was used for mounting dummy
strain gauges, It was decided to test the one wall with three
séparate beams, It was considered that the coefficient of friction
between the wall and beam materials would be sufficiently high &2 as to
prevent any slippage on the wall-beam interface. The beams were
machined from solid mild steel bar. They were 25 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 height reaction frame was designed and built to take

these models. It is shown complete with the model and other equipment



106

in Plate 5.2. The base was designed to be very stiff so thzi the

small beam deflections could be measured accurately. A 10,000 1b.
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 éllowed two dimensional rotation so that no

support eccentricity could develop.

5.3.2 Tesgts 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 two 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 Dennison testing machine up to a
load of 2000 1b. in 200 1b. 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 shown in Fig.
5.6. An average modulus of elasticity value of 11.77 KN/mm2 and a
Poisson's ratio value of 0.314 were calculated from these results, One
sample was loaded finally up to 8,000 1b. to investigate tre limit of
the linear elastic behaviour. The results, shown in Fig. 9.5, indicate
good elastic behaviour for strains well above those experienced in the

model tests.
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Towards the end of the testing period, nine months later, two
specimens were retested to check the modulus of elasticity wvalus. The
resultant value was within 1% of the originally calculated value and

indicategsthe high degree of stability of the material,

5.3.3 Tests to determine the modulus of elasgticity 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 measure the longitudinal strain in the beam. The beam
was set on roller supports with a third point loading systex. This
created a constant beam moment over the middle third of the span. A4
dial gauge was positioned to measure the central beam deflections. The
beam was loaded to 500 1b., in 100 1b. increments and deflection and
strain readings were recorded. Again a Baldwin box 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,
Using the averaged strain readings, the first value was ca’culated to
be 209 KN/mmz. Using the deflection readings, the E value was calcu-
lated to be 204.KN/mm2. An average value of 206,5 KN/mm2 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 testing

Initially strain gauges were attached to both sides of the wall in
the positions shown in Fig. 5.8. The corner positions reprocented

centroid element positions in the grid chozen for the finile clomend
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analyses., The single gauges had a gauge length of 2 mm. and the
rosettes a gauge length of 5 mm. The 2 mm. gauge length was thought
preferable because of the very rapid stress changes that occur in the
wall cormers.

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 read 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 corner rosettes and replace them with a similar arrange-
ment of 2 mm. gauges as at the other corners. Because it was now far
gimpler to take the strain readings, itwelve 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 datalosger bhecame
available and this was used to replace the older model.

Some considerable time was spent in getting the reviucd arrangzement
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to work reliably. When this was achieved, the final tests were

proceeded with.

5.3.5 Final tests and results

The wall was tested with each of the three beams for three
“complete loading cycles. In addition the 10 mm. and 15 mm. bean
structures had one additional loading. In order that the wall would
suffer no damage the loading was limited to 8,000 1b. for the 40 mm.
beam, 5,000 1b. for the 15 mm., beam and 3,500 1b. for the 10 mm. beam,
Fér the 10 mm. and 15 mm, beams 500 1b. load increments were taken.
For the 40 mm. beam, 1000 1b. load increments were used,

The deflection and strain results indicated that it took two load
ipcrements 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 generaliy was very linear,
although in the wall corners the strain readings did continue to decline
gradually. These strain gauges were within 5 mm. of the boundaries of
the wall, and considéring the wall thickness of 25‘mm., this non-
linearity was probably due to boundary effects. It was not iue =<c
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 500 1b. load increment.
The beam's central deflection wag 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 10-3 in., and Strain values x 10-6 é)og
gz:%tion Tet . 2nd 2nd _ 3rd 3rd . 4th 4th Loading Unloading| Combined|Computen] § é
loading| loadingunloading|loading !unloading| loading |unloading |average | average |average |results 0H

‘ =

Beam 2.46 | 2.29 1.94 2,48 | 2.16 2.37 | 2.12 2.40 | 2.07 2,235 | 1.86 | -16.8
Deflection
’;;ﬁgé’eam 2.0 | 2.2 ~0.4 3.0 0.2 2.4 | -1.0 2.4 | -0.4 1.0 1.2 | +20.0
izizgmbeam -20.6 | -21.2 |-20.8 ~21,6 |-20.8 -21.2 [-21.6 -21,2 [-21.1 -21.15 | 239 | 4130
1 321.0 316.8 285.4 307.1 278.3 304.5 278.4 312.3 (280.7 296.5 299.4 +1T6-—
2 105 .8 107.4 116.3 111.6 111.4 110.4 1117 108.8 113.1 1171,0 108.7 -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 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 7.7 18.4 7.7 17.7 17.8 18.0 17.7 18.0 17.9 17.9 0
8 r.ox L85 | 9.1 8.7 8.1 8.4 8.5 8.1 8.6 8.4 9.5 [+13.1
g 3, 3.0k 3,5% 1.9 2.4 1.5 2,3 2.6 2.7 2.7 3.2 ;8,5
10 12,6 | 12.4 | 12.4 12,2 | 12.4 12.3 | 12.7 12,4 | 12.5 12,5 13.6 | +8.8
i O, 7% 0,9% 0.5 -0,1 0.2 0 0.1 0.4 0.3 0.4 -0,7 -

#

Table £,2

Ore or more guupvn disregarded because of obvious errors,

Experimental ard cnalylical results for model with 10 mm, bean

GLL



Cangs Deflection values x 107> in. and Strain values x 10° §)§
Position 18t 1et 2nd 2nd 3rd 3rd 4th Loading |Unleading COmbinedVCbmputem'ﬁig
etc, loading|unloading| loading junloading|loading|unloading|loading|average |[average avérage |results| & &
85
D £
Beam ]
ng—’» ﬁo ‘}. 1 10 1 @ ° @ @ . =1
Deflection 18 46 > 4 .47 1.39 1.550  1.50 1.42 1.46 1,281 -12.3
Top Beam -~ - ‘
G on 5e4 4.2 5.1 4.4 5.4 4.2 5.4 ?:é’ 4.2 4.75 1.0 | =63.2
Bottom Beam : ’ ‘ Py . : - -
Ganee ~17.8 | ~18.0 -18.2 | -17.5 -18.0 | =17.7 -17.7 | -17.9 ~17.7 ~17.8 167 50
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 1277 | -1.5
3 43.1 59.9 57.0 58.2 575 57.0 57.0 53.6 58.4 56.0 45.6 | -18.6
4 199.0 | 184.8 193.0 | 182.6 191.8 | 182.2 191.0 | 193.7 | 183.2 188.4 | 177.1 | 6.0
p) A47.9 47 .4 46,9 47,1 47.5 47.0 47.0 47.3 47.2 47.2 47.3 +0.2
6 30.4 | 30.0 29.6 | 23.8 29.9 | 29.5 29.6 | 29.9 29.4 29.6 28.9 | -2.4
7 18.1%| 18.6 17.4% | 18,9 17.9 | 18.2 18,0 | 17.8 18.6 18.1 12,0 | -0.¢
8 9.8%| 10.0% 9.3 9.5 9.5% | 9.7% 9.5%1 9.5 9.5 9.5 9.9 | +4.2
9 2.0%) 4% 3.3% 1 ALe% 3.6% 1 3.8% 3.9%) 3.6 4.0 3.8 2.9 | -23.7
10 12,7 12.9 12,1 13.0 12.6 12.7 12.8 12,6 12.6 12.6 13.8 +9.5
1 0.1 0.1 -0.9 0 ~1.1} -0.4 ~0.4 | -0.6 0.1 -0.35 | -1.0 [186.0

* QOne or more gauges disregarded because of obvious errors.,

Table 5,

3 Experimental and analytical results for model with

15 mm. beam

s

s



Deflection values x 10"3

-8
in. and Strain values x» 10

Gauge ; e %;” §
Position st Tat 2nd Znd 3rd 3rd Loading| Unloading | Combined | Computer 'ﬁ o
ete, loading|unloading| loading|unloading| loading|unloading|average| average average results § g
(ORI
=
%zii@cﬁiom 0.45 0.43 0.45 O,42- 0.47 0,44 0.46 0.43 0.445 0.462 +3.8
o 7.5 | 6.6 | 7.4 | 63 | 7.0 | 64 | 7.3 6.4 6.85 5.5 197
gziﬁg?ﬂBeam ~11.5 -11.5 -11.3 ~11.1 -10.9 -10.5 -11.3 | =11.0 »41;15 -11.3 +1.3
1 120.5 112.8 118.0 112.8 117.0 112.2 118.5 1.112,6 115.6 1 117.0 +1.2
2 85.4 83.1 83.5 83.0 82.3 82.5 85.6 82.9 84.3 82.5 -2,
3 02,2 58,2 24.3 58.0 04.7 58.0 3.7 58.1 55.9 60.8 +8.1
4 913 94.3 96.2 94.5 95.8 95.0 96.4 94.6 95.5 94.1 ~1.5
5 42,2 40,1 41.8 40.0 42,0 40.4 42.0 40,2 41.1 40.8 =0.7
6 26.5 25.5 265 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 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
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 +4.6
i kL A -1.5% ~1.5 -1.4 ~-1.3 -1.3 -1.5 -1.4 ~2.0 +42.8

* One or more gauges disregarded because of obvious errors.

Table 5.1

Experimnental and analytical results for model with 40 mm beam

L
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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 algo included in Tables 5.2, 5.3 and 5.4.
The percentage difference of the computer results from the test results

was calculated and is also shown in the tables.

5.3.6 Comparison of test and analytical results

The results shown in Tables 5.2, 5.3 and 5.4 indicate a generally
good level of agreement between the fest and analytical results. As
might be expected, the results from the stiffer beam analyses give
better agreement than those from the more flexible beam analysis,
becaase of greater length of contact between the wall and beam for
stiffer beams, For example, in the 10 mm., beam analysis, only three
nodes were left connected between the wall and beam at each support,
while in the 40 mm. beam analyses, eight nodes were left connected.

These tegts 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 greatef 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
glight 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 ocourred in the tests,

the possibility of some slippage cannot be entirely ruled out. Con-
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5.4 Pull scale tests at the Building Research Establishment

5.4.17 Introduction

Four full scale masonry wall on encased steel beam tests were
conducted at the Building Research Esgtablishment 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 permission given by
Mr., Weeks and the Building Research Egtablishment to observe these
tests and report the results.

Since the tests were not personally conducted by the author, the
tegts 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 Tesgt 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. TFor
all of the tests the wall height was 6 feet, the span 10 feet and the
wall thickness nominally 4% inches. Ioading 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 1b. 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 14 in. deep and contained a 10 in., by 5% in. by 29 1b, steel beam

together with 4 in. binders. The encasgement concrete was designed

to have a strength of not less than 3000 1b/in2 at 28 days. Before
encasement, strain gauges were attached to the top and bottom flanges
of the beam along half the span., Prior to constructing the walls,

the beams were subjected to quarter point loading in order to determine

their flexural stiffness from their deflections. The results are shown

The two sets of two walls used in the tests were of different
gtrengths. The walls used in the first two tests were built with low
strength bricks and 1:7:6 mortar, The walls used in the final two tests
were built with high strength bricks and 1:%4:3 mortar. Brickwork pier
teots were undertaker to determine the modulus of elasticity and strength
of vrickwork, The piers were nominally 9 in. by 9 in. by 12 courses
high. The averaged results are shown in Tablie 5.5.

The structures were taken through 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
ig shown in Plate 5.5,

Only the beam strains and deflections were recorded in the first
test. In the second test, the failure load and observed length of

contact were aleo recorded. In the final two tesis, Demee readings

were taken on the wall above the wall-peam interface so that an

cgtimate of the wall strains

& maximum of

from each test
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in Table 5.5. 8Since 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,
becanse no wall strain readings had been taken in this test. The peak
stress B valuesg 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 consisﬁent with all the values

lying between 1,05 and 1.26.

Beam EIl Wall B | Wall material Estimated B values
Test | 1b in° 1b/in2W strength K (1 f (2) (3)
- T 6 g2 Contact | Peak Failure
x 100 x 10 1b/in Length | Stress
1 5.89 .57 880 5.10 - - -
2 3.26 .57 880 5.93 1.26 - 1.23
3 3.26 2.64 5600 8.63 1.08 1.16 1.10
4 5.89 2.64 5600 7.44 1.05 1.15% 1.09

Tahle 5.5 Results from B.R.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

23 from the brickwerk pler

homogeneous wall using the B  wvalue obial
W

tests., The beam was represented by neous beam with a beam

depth equal to the encased beam depth and using a caloulated E value
thal gave the flexural stiffness given by the quarter point loading

tests. This beam representation can only be considered approximate,
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becaunge the syial stiffness of the two beams could not be matched

and the flexural stiffness of the encased beam would tend to change
when subjected to axial forces such as the tie force, A uniformly
distributed load of 20 fons was applied at the top of the wall in the
' analysis. . |

Comparisons between the test and computer analysis bending moment
and tie force diagrams are shown in Figs. 5.11 and 5.12 respectively.
The bending moment and tie force in the test beam were 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 1t 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 and 5.12, the level of agreement must be considered
reasonably good., The analysis and ftest central beam deflection also
gave good agreement with a test value of .,030 in. and an analysis value

0f ,027 in, These results must therefore verify to some extent the

method of analysis.
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5.5 Brickwork walls on reinforced concrete beams tesgts

5.5.7 Introduction

: . 1
These tests were conducted as part of an undergraduate project 9,
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 small 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 were 4% in. wide by 2 in. and 3 in. deep. They were both of
balanced reinforcement design.

Prism tests were undertaken separately to esgtablish 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 reasurements 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 resulte of these tests were onl used
in calculating B value estimates. Of the three metrods of coiairing
B values, described in Section 5.2.3, only the measured corntact length
method could be used for these tests. The peak wall stress method

3 By v s
CLTTeETE

could not be used because the strain gauwe readings in tre wall
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had proved to be inconsistent and the failure load method could not
be used because the brickwork strength was not knowrn.

Table 5.6 shows the calculated B and K values for the structures,
In calculating the K 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 K B
depth value value
in,
3 10.46 1,16

2 ﬁ~15,35 1.28

Table 5.6 Results from masonry wall on reinforced concrete beam tests
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Conclusions

The main conclusions from this chapter can be summarized as fcllcws:

(1) The rlaster model tests clearly demonstrated the basic wall

on beam behavicur assumed by the design method of Chapter 3,
but 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 corducted

at the Building Research Egtablishmert and the tests conducted
at the University of Southamptor were in good agreemert with

the B values calculated from the plaster model tests.

(3) The araldite model tests indicated that the results giver by

the finite element program developed in Chapter 4 should be

accurate to within 10% for wall stresses and 20 for beam stresses

and deflections.
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CHAPTER 6

INFILLED FRAMES: TNTRODUCTION AND REVIEW

OF PREVIOUS WORK

6.1 Introduction

When a struchural frame is infilled with & masonry wall, the
diaphragm action of the wall causes a substantial increase in the
stiffrness of the unit. The infill can be thought of as acting as a

diagonal bracing strut. Although infilled frames can provide one
of the nost efficient means of resisting lateral wind loading, their
structural properties have seldom been utilized in this country. Tais
hag mainly been due to the fact that no methods of design have ever
been officially recognised in Britain. The design methods that have
hean developed by previous researchers have generally been comaplicated
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
design.,

In addition to the development of the design method, a theoretical
investigation was undertaken into the elastic behaviour of infilled
framszg, A finite element program 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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£.2 Review of previous work

£,2.1 Introduction

In this section, a brief review of previous theoretical and experi-
mantal workz 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.

£.2,2 Methods used to analyse infilled frames

-23

Between 1952 and 1946, Poi.yakzov*zO published several papers
describing his work in Moscow. Asg part of this work, Polyakov under-
took approximate analyses to determine the stresses in infills.
Combinatinns of assumed infill boundary loading distributions were
used with a theory of elasticity method.

In 1955, Whitney, Anderson and Cohenz4 published a paper in which
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 aad the infill the web of a cantilever beam.

Between 1957 and 1960, Benjamin and Williams?? =28 published
several papers describing their workt at Stanford University. Ther
undertock several analyses based on the lattice analogy approzch, but
concluded that a simple strength of materials approach would produce
results of equal accuracy. Again a full integrdation between the infill
end frame was assumed,

In 1950, Satchanski®? 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 were replaced by thirtixy

redundant reactions. A solution for these reactions was obtained using
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ot

he compatabllity of displacements of the frame and infill. Again the
sssumption of a coantinuous bond at the interface between the frame and

infill was assumed,

30-34

Between 1942 and 1967, Stafford Smith published several
papers describing hisg work on infilled frames. As part of this work
he used the finite difference method to andlyse infills which were

i

loaded under various assumed loading distributions. This work was

35,36

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.

In 1967, Karamansk137 publighed a paper in which, for the first
time, the finite element method was used to analyse infilled frames.
For thesge 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 1967, Mallick and Severn38 published a paper in which the

finite element method was again used to analyse infilled frames. The

technigues employed in these analyses were in several ways similar to

thoge 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
boundarizs. After the first analysis, boundary node pairs were dis-
connected where tension across the boundary was detected. The analyses
and discornnections 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 1958, Mallick and Severn™~ published a paper in which the
finite element method was used to study dynamic infill loading. In
1971, Mallick. and Garg4o published a paper in which the finite element
method was used to study the effects of openings in infilled franes.

In 1968, Tomii41 published a paper in which he analysed infilled
frames elastically using stress functions. Tomii was concerned with
reinforced concrete infills and thus made the assumption that the
infill and boundary frame were bonded together.

In 1970, Liauw42 published a paper in which he analysed infilled
frames by means of the Airy stress function expressed in the form of
a fourier series. TIn these analyses he also assumed the infill and
boundary frame were bonded together.

Kadir43, in his Ph.D. thesis of 1974, used the finite elsment
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
agsumed lengths of contact. These nodes were again only connected for
deflections acrozs the boundaries which produced a no boundaryv friction
type solution. 1In 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 boundarv nodes in a second
analysis. This method of introducing boundary friction is, however,

highly inaccurate because the friction forces considerably alter the

forces pervendicular to the boundary.

$.2.3 Suggested methods of design or of simplified analvsis of

infilled frames
20-23

Polyakov as a result of his experimental and thecretical

work developed a design method in which the maximum theoretica’l shearing
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regs in the infill is related to the infill material shear strength.
irical formulae and design curves are used to. take account of
infill openings anl variations in infill aspect ratioc. Effects due

to variations in frame stiffness are not considered,

Wood44 in 1959, suggested an empirical intéraction formula that
rerated the infilled frame strength to the individual strengths of
She infill and frame.

Ben jamin and Williamsz5—28 concluded from their experimental and
theoretical work that the stiffness and strength of infilled frames
was independent of frame stiffness, provided the frane was strong
enough to produce infill failure. They went on to produce formilae
for calculating the stiffness and strength of masonry infilled frames
which were based on shear considerations.

Holmes45, in his pap2r published in 1961, suggested a metaod of
degign for laterally loaded infilled frames based on the 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
calenlated by multiplying the compressive strength of the infill
material by the cross-sectional area of the equivalent strut., The
width of the eguivalent 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 calculased by assuming that the equivalent strut was
shortened by an amount equal to its length multiplied by the failure
strain of the infill material. In 1963, Holmes46 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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Tomii47 in a seriés of papers, suggested methods for designing
conzrete infilled frames with and without openings. The failure load
was calculated by relating the infill shearing deformation to tie
infill material failure sghearing deformation.

Stafford Smi’chBO_34 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 ratioc. This work was
later extended by Carter35’36 who included in his finite elemernt
analyses, the variation of infill modulus of elaéticitv wit changzing
ziress levels., Carter also produced curves for shear failure in
mazonry infills.

Liauw48, 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 medel
tests, and as a result of these, concluded that his method wasg accurate
for infills with large central openings.

Mainstone49’5o has suggested formulae for calculating the stiffness,
diagonal cracking load and the ultimate load of infilled frames. The
formulae result from a éeries of model tesgts and again the diagonal
gtrut concept was used. The formulae as presented, are not in a suit-
able form for design purposes.

SxoliraB1 in his 1973 paper, suggested an approximate method of
ana.ysis based on the diagonal strut concept. He used the force-
displacement method to solve rigidly jointed frames with diagonal infill
struts. Although an indication is given in this paper of how to include

Fad

the effects of lack of initial fit of the infill and contact pressure ¢
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tnz infill on the frame members, the axial effects of the forces in
the frame members were not included, For multistorev infilled frames,
“hs suggested method of analysis requires a computer to produce the

3

KadirA , in his thesis, suggested a method of design, again’
based on the diagonal strut concept. Using beam on elastic foundation
theowy, he first obtained expressions for the contact lengths between
the infill and the columns and beams, The effective width of the
iiagonal strut was then assumed to be half the distance between the

snds of the length of contact on the column and beam. The lateral

stiffness of the infilled frame was calculated by assaming a rigidlv

m

Jointed frame and a pin-ended diagonal strut. Alsc from this calcula-
tion the shear load carried by the infill was obtained. For the infill
shear strength calculation, the shear load was averaged across the
infill., TFor some unexplained reason, the vertical stress in the infill
wag taken as the vertical force component averaged across the infill
multiplied by‘the ratio of the beam length of contact to the infill
length. TFor 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-gized tests have been carried
cu® iIn 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 The most relevant of these tests to the present work

are discussed in Section 7.3.



CHAPTER 7

NFILLED FRAMES: DEVELOPMENT OF A SIMPLE DESIGN METHOD

7.7 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, Although the design method was

(€3]

developed‘specifioally for steel framesg, with or without encasement,
it could also be applied to reinforced concrete frames if a lower
ratio of E/EI is introduced,

Unlike the wall on beam design method described in Chapter 3,
this method was developed fairly directly to its final form, without
any major modifications. For this reason, the deﬁelopment 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 converted to a limit stste approach.
For this reason the development of the method is shoWn in terns of
permissible stresses while the summary of the method is given in terms

of limit state design.
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.2 Development of the desion method

7.2.,17 Basic behaviour of infilled frames

30-36

Earlier research by Stafford Smith and Carter has shown

that when an infilled frame is loaded in shear, separation of the

-y

rame from the infill tends to occur in regions away from the com-
presgion corners, as shown in Fig. 7.71. The infill is then acting

in effect as a diagonal compression strut. This earlier research
alss indicated that the contact length af and be is roughly equal to
half the span, regardless of the frame stiffness; and that the lengsths
i contact ac and bh, defined here as g, are governed by the relative
ztiffness of the infill to the columns, It was found that ~ was

related to the relative stiffness by an equation of the fovrnm

g _ T
T coe o Tl

in which Xh 1is a non-dimensional parameter expressing the relative

stiffness of the infill to the columns where

A = —_ e e . 1.2

in which E_, t and h are the Young's modulus, thickness, and height

I’

of the infill respectively; and E and I are the Young's modulus and
second moment of area of the columns.
The similarity of A +to the characteristic parameter used in

15

bean on elastic foundation theory is evident 7, as is the similarity

of the problem, i.e. the in-plane interaction of flexural and plane
stress components.
Fal

When the infill is of masonry, there are three possible modes of

infill failure. The first mode is a horizontal shear failure in the
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worizr joints of the masonry, Fig. 7.2. The second is a diagonal
terzsile crack along the compression diagonal due to the combined

effsc of Poisson's ratio and the curvature of the stress traject-
orizg, 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 ghear force H is
congidered to be carried entirely by the infill. This assumption is
conservative, but in most practical cases the difference is small

because the stiffness coutribution of the infill is normally much

greater than that of the frame.

7.2.2 Stregs analysis of infills

Stress analyses of infills with diagonal loading were undertaken
previously by Stafford Smith30“34. The infills analysed had len-sth 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
wasg applied with half as direct stress and the other half as shear

stregs, The loading was taken to be distributed triangularly over

e

2 length of contact on the column sides equivalent to o/h = %,~%,

As ghown in Fig. 7.5, the loading on the sides adjacent to

©
h
'
&N
Wi
L

tne beams was distributed triangularly over half the 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 7.7y these correspond to

an infill of height 8 units, thickness 1 unit with a diagonal lozding
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G. 7.4 COMPRESSIVE FAILURE IN CORNERS OF INFILL
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Peak |Horizontal . .
% % Tensile Shear Vgitlcil Hogizgn:al
- g Stress Stress res Tes
% 5.17 12.15 - 6.95 - 7.01
1 4.94 11.97 - 6.99 - 7.08
1
2 4.65 11.73 - 7.02 - 7.14
1 - - - -
2
. 3.92 9.67 - 3.14 - 9.32
1 3.66 9.46 - 3.30 - 9,21
1.5
é 2 3.43 9.30 - 3.44 - 9.15
1 3.19 9.13 - 3.63 - 9.04
% 3.03 7.89 - 1.48 ~-10.76
1 2.76 7.73 - 1.72 -10.58
2 .
2 2.56 7.62 - 1.90 -10.46
% 2.38 7.52 - 2.08 -10.31
2 2.47 6.61 - 0.66 ~11.48
1 2.20 6.51 - 0.93 -11.33
2.5
2 2.04 6.42 - 1,08 -11.18
- ‘ 1.89 6.37 - 1.24 -11.10
Table 7.1 Stress results at centre of infill
o 2.5 2.0 1.0 | 0.67 0.5 0.4
TX?Bt
= 1.43 | 1.41 | 1.39 | 1.37 | 1.39 1.41 1.43
o £t
«iﬁ—~ 2,47 | 1.92 | 1.35 | 0.78 | 0.45 0.26 | 0.15
Oqt 2%
5 0.53 0.54 0.57 0.58 0.57 0.54 0.5

Tavsle 7.2

Stress results converted intoc non-dimensional form




143

(@]

oA
. i

S

) units,

The stresses al the centre are seen to be almost independent

-2 <he lenzth of contact, i.e. the %- ratio. This might have been

expected from the St. Venant principle since the loading was relatively

remote from the centre of the infill. To simplify the problem, the

cak stresses were considered to be independent of the o/h ratio. The

3

most conservative stress results, which corresponded to o/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/8 = 1.5, 2.0,
2.5 could be taken as approzimately equal to the results from &/h =
1.9, 2.0, 2.5, respectively. This followed from the assumption that
the stress results were independent of the length of contact. For
these values, the vertical and horizontal direct stress results Irom
ths analyses were reversed.

The stress results were converted to non-dimensional terms by
dividing by the average shear stress H/8t , as shown in Table 7.2.

t can be seen that the terms representing the shear stress and the

diagonal tensile stress, Txyet/ﬂ and Gtht/H, are almost independent

of the infill proportions. The most conservative values were again

taken
T 21
i.e. 5 = 1,43 e e 7.3
g. 2%
and dg - 0.58 U

When.cy 8t/H was plotted against &/h , as in Fig. 7.6, it could
be seen that a close linear relationship existed between them,

The relationship toock the form
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A »1.1%_0.26 ... 7.5

Previous thecretical research62’63 had indicated that the local
tresses in mortar jointed masonry may exceed the stresses found from
homogeneous analyses by up to 50% in some instances. The design
method, however, was developed assuming that the homogeneous analyses
regults could be applied to masonry infills. This assumption could
be justified because the predictions of strength from the design
mathod, 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 modes

of the infill,

7.2.3 PFailure modes of the infill

Shegr failure

The permissible shear strength of brickwork is at present given

in CP 111 as the lesser value of

0.1+ 0.160, 1N /m? C . 7.6

L]
i

-~

0.5 MN/m2 e T

=
il

At the strength limit ¢Xy = fS and combining Egs. 7.3, 7.5 and

7.6 gives:

1,430 0.16H , h ,
= 0.1+ 5% \1.18.-0.26’)

et 7
o . . .
14.7 - 1.76 7

[Ge)
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Tomnining Bgs. 7.3 and 7.7 gives:
1.43H
o1 = 0.5
i.e. H = 0.358% e o . 1.9

The maximum value of H to prevent shear failure will thus be
given by the lesser result of Egs. 7.8 and 7.9. Egs. 7.8 and 7.9

gre in units of MN and m.

Diagonal tensile failure

CP 111 at present gives the permissible tensile strength of
brickwork in bvending as 0.07 MN/m2, This is equivalent to approxim-
ately Z% x the compregsive failure strength of the weakest allowable
mortar,

The diagonal tensile strength of brickwork can conservatively be
taken as-é% x the compressive gstrength of the mortar. Allowing for a
typical factor of safety in brickwork of 4, the value of tensile

strength in CP 111 of 0.07 MN/m2 seemed a reasonavle value to adopt

in the design method.

i.e. frop = 0.07 MN/m2 .. . 7,70

At the strength limit Oq4 = f!dt and combining Egqs. 7.4 and
7.10 gives:

= 0,07

0.128% e 701

)
D
s
il

The maximum allowable value of H to aveoid tensile failure will

be given by EBg. 7.11. Ea. 7.11 is in units of MN and m.
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It may be observed that Bq. 7.11 always gives a lower value of H
thas Bg, 7.9. Thus Eq. 7.9 could be dropped from the design method.
hlsc Bq. 7.8 gives a lower H value than Eq. 7.11 when h/f is less than
3.6. Since infilled frames with h/f greater than 3.6 are extremely
unlikely, Eg. 7.11 could alsc be dropped from the design method,
prov.ding a 1imit to h/€ was introduced. Thus diagonal tensile failure
need not be considered if CP 111 shear and tensile gtrength values are
used, altaough in practice, diagonal tensile failure mar occur if the

shear strength of masonry is above the CP 111 estimate.

Compressive failure in the corners of the infills

Stafford Smith30~35 found from his model tests that the onset of
this mode of failure was gradual and was accompanied by a rapidiy
increasing rate of deflection. It was thus assumed that a plastic
mode of infill failure occurs. He also observed that the region in
the cornsr of the infill where crushing takes place generally extends
along the column over the length of contact . Stafford Smith found

that the expression

— 1
R = ot sectd f od

(in which R is the diagonal load on the infill, @ the slope of the

infill diagonal to the horigontal and f*Cd is the diagonal compressive

strength of the infill) correlated reasonably well with his test

regults,

[§8]

T+t has been assumed that
H = R cos 8 e .. 7713
Thus from Eqs. 7.72 and 7.13

H = ot f!cd e .o T4
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Zow from Egs, 7.1 and 7.2

0 4 AFETh 7.15
¥ = 9 Bt :

For a sgteel frame with a masonry infill, a reasonable estimate
of E/EI is 30. In fact o is not very sensitive to changes in E/EI
because of the fourth root relationship. Taking this value and
combining Eas. 7.14 aad 7.15, the maximum value of H to avoid com-

pressive failure is given by:

4

H = 5.2f'cd Iht3 e .. 7076

49,50

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

nas glven by:

R = 1.12 xh70'88 fk ht cos @ Y

in which fk is the vertical compressive strength of the infill material.
Combining Eqs. 7.2, 7.13 and 7.17 and again taking E/EI = 30

gives:

3. "0-22

2
H = 1’12(363 fk ht cos © . .. T7.18

BEq. 7.17 can be approximated by the equation
o 4=
H = 4f_ cos Qv/Iht .. 72719
The results from the diagonal compression testing, described in
Chapter 9, indicated that the diagonal compressive strength of bdrick-

work under infill type loading f'cd was greater than the vertical
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sirength of the brickwork fk‘ Thus the difference between Mainstons's
Stafford Smith's estimates of compression failure strength can not
be accounted for by the difference between f,cd and fk'

It was decided to use in the design method Mainstone'!s equation

Sor compression strength for the following reasons:

(RS

(1) Mainstone's equation gave more conservative results for H.

In the majority of cases, taking the more conservative eguation would
hazve no effect on the design, because the shear egquation is usually
limiting.

(2) Stafford Smith's equation was independent of infill shazpe and
this seemad illogical for infills with h/€ greater than 1. All of
Stafford Smith's tests were conducted on infilled frames with h/¢
less than or equal to 1.

(3) None of Stafford Smith's tests were conducted on frames with

masonry infilling.

7.2.4 Forces and benling momenls in the frame

The finite element computer analyses described in Chapter 8,
indicated tha’ the axial forces in the frame could be reasona®ly
sgtimated 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 a maximum assumed moment of

Hh/20 is conservative for both the columns and beams.

7.2.5 Lateral gotiffnegs of infilled frames

The compuler analyses described in Chaplter &, 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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tims thought reasonable to calculate the lateral deflection of
infilled frames by considering the frame as being pin-jointed with the

3

infills replaced by diggonal bracing struts. " The analyses indicated that

W

conservative estimate of deflection would be obtained if the diagonal

tracing strut was considered to have an effective width of 0.1xits length,

7.2.6 Conversion of the design method to limit state foru

0f 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 forued by combining Egs. 7.3, 7.5 and 7.6 and of these
only Eg. 7.6 was dimensionsl as this was the CP 111 permissible shear
strength equation. The shear strength equation can be rewritten in

64

dimensionless form as

fs = fbs + ucy . . . 1.20

in which fbs is the bond shear strength of the brickwork or blockwork
and p is the coefficient of friction along the horizontal brickwork
or blockwork mortar joints. In limit state terms, characteristic
values of fbs and W are given implicitly in CP 111 as fbs = 0.4 N/mm2
and u = 0.625,

Combinirg Egs. 7.3 , 7.5 and 7.77 gives the limit state equation

for shear failure as

1.43 %, H fg Byedl

h s
e =3 + 5 e~z;(1'7"é’“o'26>
mv mv
£ et o
i.e, Ye H = o . . 1.0
- 1T &= - )
Yoo (143 —H—Ymv(u 7 - 0.26) )

in which Y and Yoy 8T8 the partial safety factors for the load
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for the strength of brickwork or blockwork in shear respectively,

7.2.7 Modification of shear failure equation due to analyses infornation

The finite element analyses, described in Chapter 8, indicated
that Hg. 7.5 overestimated the central infill vertical stresses by
approximately 2%h. Because this error could lead to unsafe designs,

he equation for the vertical stress Gy was modified to:

H h
o, = —2-%—(0‘8-5- 0.2) ... T.22

This change resulted in the final shear failure egquation being
modified to:
f. 2t

bs
B h :
ymv(1.43 y (0.8 7 0.2))

mv

—~J

.23

7.2.8  Summary of design method

General. The disposition of infilled panels throughout a structure
shall satisfy the following requirements to ensure general staility:
a) The designer shall take care to provide a sufficient number of
parels 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
calcilated shear resistant elements in each storey height shall be

guch that in combination they will also regist torsional displacements

of the entire building.
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Provisions

z) 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 unencased 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 orvr
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 slenderness ratio of the wall shall conform with
Clauze 4.1,1 of CP 111 asgsuming 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 must not exceed one-
tenth of the height or length of the infill, whichever is smaller,

g) 1In 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

fbs - characteristic bond shear strength of brickwork or block-
work, given implicitly in CP 111 as equal to 0.4 N/mmg.

fk - characteristic compressive strength of brickwork or block-
work as given in CP 111,

H -  horizontal load.

h -  height of infill.

I - second moment of area of column section about its axis
perpendicular to the plane of the frame.

e ~  length of infill.

t -  thickness of infill

Yf - partial safety factor for load

Yo - partial safety factor for strength of brickwork or blockwork
in compression asg given in CP 111 .

Y v - partial safety factor for strength of brickwork or blockwerk
in shear as given in CP 111,

4 - slope of the diagonal of the infill to the horizontal.

1 -  characteristic coefficient of friction along the horizontal

brickwork or blockwork mortar joints, given implicitly in

CP 111 as equal to 0.625,

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 serviceabilitv 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. DBoth states must be checked in all designs.
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Serviceability 1imit state:

W
p—

Thig 1s to be checked by the formula

fbs 2t
Y. B = ... T.24
e h
ymv_[1.43 Ymv (0.8 7 0.2)]

b) Collapse limit state:

This is to be checked by the formula
£ 4
k 2 /
Yf H = 4‘§-cos e I.h,t3 e .. 1.25

To Checlk the Deflection of the PFrame

A conservative egtimate of the swy 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 dizagonal

bracing member in compression of the following characteristics:

Cross sectional area = 0.1 x t x diagonal length of infill

I

Elastic Modulus for brickwork = 7 x 10 N/mm2

i

1 x 106 1b/in2

To Check the Strength of the Frame

The members of the frame and their connections must be able to
withetand forces resulting from the worst combination of dead, imposed
and wind loads which wmay act on the infilled frame. The axial forces
may be determined by simple static analveis of an equivalent frame
with the columns pin-jointed at each storey level, the beams pin-

ointed at their ends and the infills acting as diagonal pin-jointed

Code

bracing struts,
In addition to the axial forces described ahove:

a) the columns must be able to carry a bending moment equal to
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1

2 Hh/QO applied in the plane of the frame in addition to the
bsending moments from other causes, However, the effects of the
forces specified in (e) and (f) are to be excluded.

wnere the upper beam of the infilled panel is not restrained by
an infill above, the beam must be able to withstand a mid-span
hogging moment of Yo Hh/20 in combination with the moment dus to
vertical dead loading.

where the lower beam of the infilled panel is not restrained by
an infill below, the beam must be able to withstand a mid-span
sagging moment of Ve Hh/20 in addition to the moment due to
vertical dead and live loading.

Each column adjacent to an infilled panel must be able to resist
in shegr an additional horizontal force Yf H equal to that with-
stood by the adjacent infill panel.

the beam above an infill within a length of £/10 from each end,
and its connections, must be able to carry an additional upwards

shear force of Hh/€ in combination with the shear force due *o

Yo
vertical dead loading.
the beam below an infill, within a length of £/10 from each end,

and 1ts connections, must be able to carry a downwards shear force

of v. Hh/f din addition to the shear force due to verticzal dead
f

and live loading.



7.> Comparison of design method with test results
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2
7.3.7 Full scale and model tests conducted by Benjamin 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 design method to calculate the estimated
cracking loads, Benjamin and Williams' values for fbs and 4 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 Full scale tests conducted by Meli and Salgad058’5?

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 briciwork infilling. The specimens were approximately
square with infill side lengths of the order of 2 m. The loadinz was
azplied horizontally to one upper coruer of the frame, A uniformly
distributed vertical pre-compression load was applied to the wall in
cne of the tests.

In using the design method to calculate design loads, CP 111 per-
missible values were used for fbs and . Where pre-compression
occurred, this was included in the calculations by assuming the stress
to b2 unifornly digtributed over the infill.

Considering that the design method load includes a safety factor
of between 3.5 an’ 4, the design method is seen to give a reasoaabdle
value for the design cracking load. The ratio between the cracking
load and the design load tended to increase when pre-compression was

anplied. This could be due to either the pre-compression stress not

being uniformly distributed over the infill or the brickwori having
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Infill Irnfill Cracking Design Cracking load
dimensions |[thickness locad estimate Design load
hx t
(ir.) (in.) (tons) (tons)
30.9 x 45.4 2.5 8.4 6.7 1.25
£7.5 % 99 565 30. 1 32.2 0.94
7.5 % 99 5.5 34.0 3.2 1.06
90 % 132 8.0 56.7 62,4 0.91
20 z 28 2.25 5.8 4.9 1.18
20 x 40 2.25 6.7 6.0 1.12
20 x 40 2.25 8.5 6.0 1.42
20 z 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
33.5 x 58 3.75 19.6 15.3 1.28
i 33.5 x 58 3.75 16,1 15.3 1.05
Notes Design method estimates use Benjamin and Willians valuies

for u

Tabhle 7.3

and

bs

and include their workmanship factors.

Benjamin and Williams' infilled frame test results.
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Test Pre- Design load Crack load| Ultimate | Cracking 1oadl
compression | including load Design load
2 safety
(kgt/em") factor
(kef) (kgf) (kaf)
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
So14d 0 1,840 54200 8,800 ’4,8
brick 3 2,700 11,600 | 13,400 4.3
Perfor= 0 1,840 6,900 9,300 3.7
ated
brick 3 2,700 11,900 13,700 4.4
Hollow 0 1,840 6,600 7,300 3.6
clay R
brick 3 2,700 12,300 12,300 4.5
Sand 0 1,840 4,600 5,800 2.5
1ime
brick 3 2,700 11,800 13,100 4.4

i bt

otes

for

[
Y 1,

factor of between 3.5 and 4.

Table 7

3

4

Meli and Salgado's infilled frame test results.

Design method loads calculated using CP 111 permissible values

The design method loads thus include a safety
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her value of u than that assumed by CP 111,

7

7.3.3 Full scale tests conducted by Mainstone and WeeksOO

Table 7.5 shows the results from a series of tests conducted by
Mainstone and Weeks at the Building Research Establishment on encased
steel frames with brickwork infilling. The infilling had a 8/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 fbs and b .

The design method ig seen to give very conservative values for
the design diagonal load, even after accountiag for the =mafety 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 Benjaznin
znd Williams' tests, the brickwork used had a bond shear strengt
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 itruly 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 fowards
tengile loading.

I

7.3.4 One-cighth scale tests conducted by Fiorato, Sozen and Gamble’

Table 7.6 shows the results from a series of tests conducted by
Fiorato, Sozen and Gamble at the University of Illinois on reinforced
soncrete frames with model brickwork infilling. The infills had a £/h

ratio of 2 with a height of 15 inches. The loading scheme and form of

the structures is shown in Tgble 7.6. In using the design method to
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Wall Deasign load Cracking | Ultimate | Cracking loacd
thickne ss including load load Design load
g safety factor
mm. (war) (xar) (k)
70 22.4 140 310 6.2
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
Noteg Loads given in terms of the diagonal load on the infilled frame,

e s

Degign method loads calculated uging CP 111 peruissible values

for

and fbs'

factor of between 3.5 and 4.

Table T.5

The design method loads thus include a safety

Mainstone and Weeks! infilled frame test results
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Degign load
Test Form of | including Cracking | Ultimate | Cracking 1oadl
reference structure | safety factor load “Joad Degign load
{kips) (kins) (kips)
SZ2H 0.272 3.2 3.2 11.8
S 0.272 3.7 3.7 13.6
F1C 0.272 2.5 2.5 9.2
F2B 0.272 2.9 2.9 10.7
F3B 0.272 3.7 4.5 13.6
- F3C v 0.272 3.8 5.6 13.9
| M2B 0.272 3.2 5.3 11.8
M2C 0.272 1.7 2.0 6.2

Notes Design method loads calculated using CP 111 permissible
values for W and fbs" The design method loads thus

include a safety factor of between 3.5 and 4.

Tabvls 7.6 Fiorato, Sozen and Gamble's infilled frame test results.
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calculate the desgign loads, CP 111 permissible values were again
used for fbs and .

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 thalt assumed in CP 1171 .

- 43

7.3.5 Small scale tegtg conducted by Kadir ~,

Table 7.7 shows the results from a series of tests conducted
by Kadir at the University of Edinburgh on mild steel frames with
model trickwork infilling. The infills had a vertical height of 15.75
inches. In using the design method to calculate the design loads,

¥adir's assuned values for T w and the compressive brickwork strength

bs’
were used. Because the compressive brickwork strength was given for
these tesgts, it was possible to calcilate 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 failgre. Although Kadir

used a form of triplet testing to obtain a value for the bond shear

tress of the brickwork, he did not use these tests to obtain a value

n

for the coefficient of friction. Instead he used the value of coeff-
icient of friction found by Hendry and Sinha64, The applicability of
this value to Kadir's tests must be in doubt, particularly since Hendry
and Sinha's tests were on full scale brickwork, while Kadir's tests
were on approximately quarter scale brickwork. The scale of Kadir's
teste is another reason to question their accuracy. The overall scale

of the tests was approximately one eighth while the brickwork scale

wasg approximnately one guarter.
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7
Shear Design Ultimate | Design
 cracking shear Cracking |crushing |crushing| _ Crushing
cracking [Design cracking Design cracking
(toms) _(tons) | Lo L
0.845 0.547 1.54 3.66 2.21 1.65
0.908 | 0.547 |  1.66 | 3.94 . 3.00 |  1.31
1 4.7 1.219 | 0.547 2.23 6.70 | 3.73 |  1.80 |
(S 7,07! 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 é 0.716 1.77 7.70 5.36 1.44
> 7,07/ 1.152 " 0.840 1.37 3.60 3.54 1,02
2 5,26 1.188 | 0.840 1.41 6.23 | 4.80 1.30
2 4.2%% 1.299 f 0.840 1.55 8.57 5.96 1.44
5 i
Notes Averaged test results. Results with frame joint failures
axcluded. Large’variation in shear cracking values for
normally identical samples., Greatest variation:highest value/
lowest value = 2.7. Design method loads calculated using
Kadir!s assumed values for u and fbs“
Tahle 7.7 Kadirte infilled frame test results.
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7.4 Conclugions

The main conclusions from this chapbter may be summarized as

]
H

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 metaod allows for the safe design of infilled frames

for which guidance was hitherto lacking.
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CHAPTER 8

INFILLED FRAMES: COMPULER ANALVSES

OO
®
Y

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 tha' 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
progran, aralyses were undertaken to first check the validit;y of the
deesign method developed in Chapter 7, and theiw to study the bvenaviour

of infilled frames under combined vertical and horizontal loading.
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2 Development of the finite element programs to analyse infilled

[ 8

D

Two finite element programs were developed specifically to

d frame structureg. The only difference between the

~wy Fortran langusge programs was the method employed to solve the

handed stiffrness matrix.

The progrars were developed with the following requirements in

(a) that no symmetry of structure or loading need be assumed

(b) that there ghould be no regtriction, other than computer
capacity, on the complexity of the structure

(e) 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 and
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 four node, two degrees of freedom per node, rectangular

finite element was retained. The rectangular element developed by

~
P

Lz wa.s not used because of the problems described in Section 4.2.3.

s A

[

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 that
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



was left unaltered.
Since it was assumed that cracking could occur on all the beam-
infill and colum-infill interfaces, the program was altered so that
tws rows of nodes 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

3

node palrs were those that linked the various sections of the frame.

£2.

'

ms
L e

vrogram was written so that these node palirs could be either
linked permanently or left free. It was thus possible, for example,
1o represent a beam as being pinjointed to a column by linking only
ore pair of their adjacent nodes together, The second group of node
pairs were those on the beam-infill interfaces. The program was
written 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 tnose on
the column~-infill interfaces. These were linked in a manaer similar
to those of the second group except 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 analvsis, it was
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posgible to restart the andlysis with the node pairs that had alread:
separated as initially unlinked. This was easily achieved by removing
the linking data cards for the particular nodes concerned and
changing the two data cards that defined the number of node pairs to
be linked.

In the wall on beam programs described in Section 4.2, nodal
stresses were not used to deternine 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 knowa 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 was probably due to the
element type rathsr than the nodal stress calculations. Tt 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. his
method of calculating the separation lengths was far simpler than
the method used in the wall on beam program. To have used the cubic
extrapolation functions used in the wall on beam program, would have
been extremely tedious because of the number of interfaces where
geparation could occur. In order that the crack lengths could easily
be detected at each iteration stage, the stress perpendicular 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
matrix, In the first program, the method used in the wall on bean
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. 1In the second program, the half
band stiffness matrix was stored on a magnetic disc or tape in the
computer anl 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
zcould 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 Universis. '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

gecond progran was used for all the multiple frame analyses.
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8.3 Analysis of wall on beam prcocblems with the infilled frame tro-ram

_—

The method of separation used in the infilled frame progran was
different from that used in the wall on beam program. Since the
infilled frame program could be used to analyse wall on beam problems,
io was 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
frame program., The lengths of separation found in the two analyses
were identizal 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 progran.

These results indicated that the use of nodal stresses to calcu-
late separation was reascnably accurate, even though the nodes were
on & 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 wall corner stress was

calculated using a cubic function rather than the linear fuaction

zsgumed in the element stress matrix.
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8.4 Single squars infilled frames under diagonal loading

The results from Stafford Smith's finite difference anal ses of

ia

nfills under diagonal loading were used in deriving the approximate

esign method, It was thus considered desirable to compare his

L2

v

~alyses results with resulté calculated using the infilled frame
trogram where the frame is included in the analysis, Ih his earlier
analyses, Stafford Smith assumed the same contact length on both the
bzams and columns of the frame agd had no shear transfér on the infill
voundaries, These analyses thus represented infilled frames under
diagonal léading with a no/friction infill boundary.’ Using the
infilled frame computer program, an~ana1ysi§ W&S{undertaken on a
structure which represented as cloéely as possible one of Stafford
Smith's analyses32. 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 o/h value of § when using Egs.
7.1 and 7.2. This represented a Ah value of 4.2, A’diagonél loading
of 100 units'was applied to the tép left hand corner of the frame b
ﬁeans of 70.7 unit horizontal and vertical loads. The bottom right
hand corner region of the frame was restrained both horizontally and
vertically. |
The results from this analysis (1.1) are shown in Table 8.1, and
Fizs. 8.1;and 8.2. It can be seen from Fig. 8.7 that before separa-
tion, considerable tensile stresses are formed which largely disappear
when separation occurs, as shown in Fig. 8.2. It should be noted that
the principal tensile stress contour divisions in Fig. 8.1 are five
times greater than‘those in Figs. 8.2 to 8.6. Stafford Smith's

results, Fig. 8.3, and the present results, Fig. 8.2, show close
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A-zlysis \h Boundary Central infill stresses w/a
Ref, Friction? T o} c
Xy dt y
1.1 4,2 No 12.5 +5.4 | -6.5 .25
1.2 4,2 Yes 8.7 +5.3 -3.3 .60
B 6.3 Yes 9.6 | 45.7 | =3.91 .45
1.4 15 Yes 11,1 +5.7 -5.31 .30

Table 8.1 Single square infilled frames under diagonal loading
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agreement, particularly in the central infill region, which is the
critical area when considering tensgile and ghear infill failure modes.
Differences in the stress results in the corner regions result from
inaccuracies in Stafford Smith's assumptions on load application.
“nese differences do not, however, affect the design method because

PR Cel s

sre crushing failure equation was derived from model test results and
~ot analytical results.

Three analyses were undertaken with infill boundary friction
and diagonal loading. The first analysis (1.2) was with Ah = 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 corners is due to the level of restraint
tha’ was found fto be necessary in the bottom right hand corner to
prevent any rotation of the structure.

The stress results indicate that as might 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 siresses and reduced effective strut
width. This increase in corner peak stress is due to the effect of

the infill sliding and being jammed in the two opposite corners of

the frame.



FIG. 8.5

BTG

5.6

175
Conpressivé siress contours

_____ Tensile stress contours

PRINCIPAL STRESS CONTCURS FOR ANALYSIS 1.3




176

8.5 Infilled frames under lateral loading

e

O

5.7 Introduction

The most important parameters that determine the behaviour under
lateral loading of infilled frames are: frame strength; level of
boundary 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 behavicur of

infilled frames obtained.

8.5.2 Single 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 wag taken as 4 and column member depths adjusted
to give the desired Ah values using Eg. 7.2. The beam depths were
made equal to the column depths. For the first six analyseg the
modulus of elasticity of the beams was made egaal to thab of the
columms. In the final four analyses the modulus of elasticity of the

beams was varied to give differing beam stiffnesses. The ih values

considered, 3, 6.3 and 15, were chosen because Ah = 3 was thought to
be representative of a very stiff frame, Ah = 6.3 of a medium stiff-
nege frame and Ah = 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 and the noruwal forces. Hence 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,
hefore and after separation for the analysis with Ah = 6.3 and
toundary friction, Similarly Figs. 8.10 and 8.11 show results for
Ah o= 15 and boundary fricticn. It can be sgeen that before separation

A

erable tensile stresses develop, which largely dissipate when

O
Fede
s

-
ons

1

v

[0

eparation occurs., The after separation stress diagrams clearly

;

j s

emonstrate the basic diagonal strut action of the infills.

Fig. 8.12 shows the horizontal shear stress distribution for the

pad
T

Ah o= 6,3, friction analysis after separation. Although the peak shear

o)

stre

oes not occur in the centre of the infill, it can be seen that

4]

s
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. TFor comparison purposes, Fig. 8,13 shows the
horizontal shear stress distribution produced from an analrsis with

he same structure under a diagonal loading of 100 /2 units. Although

ot

no separation occurred in this analysis, the results are seen to be
very similar to the Fig. 8.71 results in the region away from the two
loaded corners.

Tavle 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 =ix analyses in which the beam and column
stiffrnesses 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

not 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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Anal yss';'_ ) B‘o‘l}‘ndimy Central infill stresses | Frame member axial forces | ‘Lf& beral w/d Tnfill (mm:“(;;""””“’““
reference | Ah |friction? T < ‘ a4t Gy 1 5 % 4 deflection / L esses
Position Togition

2,1 3 No 14.4 +5.2 | -8.7 +100,0{ -9.0| -11.4}-10.5| 5.18 0.22 | =103.3 | -114.5
2.2 6.3 No 16.8 +6.3 -8.7 +102,8) ~0.31 ~0,5 |~ 1.81 7.98 0,16 | =175.3 | -188,7
2.3 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 3 Yesg 11.6 +5.0 -7.8 +95.31=29.21-27.2 |=16.,4 | 3.48 0.36 ] =20,6 -~67;6
2.5 6.3 Ves 14,6 +6.2 -7.8 +100.0| =4.71-16.3 | -8.71 5.71 0.25 | -46.3 | ~135.1
2.6 15 Yes 15.7 +6,2 -7.6 +100,3) =7.8} ~7.7 | =1.1| 9.14 0.25 | =106.3 | -91.8
2,7% | 6,3 No 16.9 +6.3 | -8.7 +103.2] -0.4| -0.6 | -1.5| 7.70 0.16 | -166.0 | -176.9
2.8%% 16,3 Yo 16.8 +6.3 -8.3 +102.0} ~0.5} =0.6 | 1.7 | 8.36 0,15 }=188.9 | -203.7
2.9% 6.3 Yes 15.3 +5.4 -9.0 +100,0| ~1.4} ~0.7 | =3.7| 6.04 0.23 | =50.4 |-125.3
2.710%% 16,3 Yes 14.9 +6.2 -8.2 +100.3{=10,7|~15.2 | -4.5 | 5.81 0.24 | -57.1 |-145.9

Deegign methed values
g:l 3 - 17.9 +7.3 | -7.5 | +100.,0] 0| o0 0 |10.72 0.10 - i}

2.2 2.8

2.5 2.9 £.3 - 17.9 +7e3 ) +100.0 0 o O 11174 0.10 - -

2.7 2,10
;é 15 - 17.9 +7.3 | =7.5 | 41000 o | o o |15.12 0.10 - -

Notes *  Double beam stiffness

%

Tabhle 8,2

Half beam stiffness

Single square infilled frames under lateral loading



mzterial, In the design method a plastic crushing failure form is

znticipated. TFor this reason no design method estimate can be made

“o compare with the elastically calculated corn stresses shown. The
corner stresses are included in Tgble 8.2 to indicate the relative
magnitude of these stresses with varying Ah values and boundary

Considering the stresses at the centre of the infill for anmalvses
2.1 to 2.6, it can be sgeen that both the shear and tensile stresses
increagse slightly with a reduction in boundary friction and with an

increase in Ah. The shear and tensile stress values were however,all

UJ

within the estimated values given by the design method., The vertical

witn a reduction in boundary friction, but it reduces with increasing
2h. The vertical giress 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 %e
zzen that the design method estimates accurately the force in the
tension column but fails to estimate the forces in the other frame

members., This leads to considerable errors for the stiffer frames

=

with boundary friction. In the three gtorey analyses described i
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 ressonable to disregard the higher than design
tear forces in these analyses.

The final four analyses were undertaken to investigate the
importance of beam stiffness on frame behaviour. In analvses 2.7 and

2.9, the beam stiffness was doubled by doubling the modulus of



-
&
Lad

elzsticity of the beams. TIn analyses 2.8 and 2.10, the beam stiffness
wag nalved by halving the modulus of elasticity of the beams. The

central infill stresses are seen to be little affected by the beam

PN aY Ila

ek

iffness, with no clear trend of behaviour. Likewise, the teasion
clumn force is not significantly aliered by beam stiffness changes,

There are some changes in the other frame forces for the friction

aralyses, but these do not, however, exhibit any definite trend of
behaviour. The deflection is seen to increase slightly with reducing

Pt

iffnese for the no friction analyses, but for the friction

analyseg, again no clear trend is evident with very little difference
in the three results. The corner stresses generally tend to increase

-

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 design method assump-

tion that corner stresses are independent of beam gtiffness must be

congidered reasonable.

8.5.3 Three storey square infilled frames - all infilled

Six analyses were undertaken on a basic three storeyv, rigid
jointed, infilled frame structure under lateral loading. The lozding

and restraint arrangement is shown in Fig. 8.14. Ah values of 3, 6.3

v

and 15 were again considered for both the friction and no friction

czesa, The E ratio between the frame and infill for these first six

analyses was taken as 4 and the frame member depths were adjusted to
give the desired Xih wvalues using Egq. 7.2.
Figs. 8.15 and 8.16 show the principal compressive stress

before and after separation respectively, for the bottom infill of

the structure with Ah = 6.3 and a friction boundary. These diagrams

=
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zgain cleariy demonstrate the importance of separation. It can be
seen that in addition to the basic diagonal strut action of the infill,
some compressgive stress 1s applied by the upper beam at the right hand
infill corner, On this contact length, considerable shear stresses

zre transferred which greatly reduces the tie force in the beam (Fig,
8,22). TUnless the friction bond between the infill and frame is
strong, shear failure is likely 1o ocecur on this joint which would
regult in a stregs pattern more closely resembling that given b the
no friction analyses (Fig. 8.17). Fig. 8.17 clearly demonstrates that
when there is no effective boundary friction, the infill behaves
purely as a diagonal strut.

Figs., 8.18 and 8.19 show the principal tensile stress diagrams,
before and after separation respectively for the analysis with Ah = 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, tensgile cracking may occur in this region.
These high tensile stresses do not form when there is no boundar:-
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 strut action is cleariy seen after separation in
Figs. 8.22 and 8.23. The shear stress distribution for the friction
analysis, Fig. 8.22, shows the previously mentioned high shear stress
on the upper beam Jjoint.

Fig. 8.24 shows the positions of joint contact for all the
anzalyses. It should be noted that the lengths of contact will cni:

given approximately by the analyses because of the relativel ccarse

spacing of the nodes (711 nodes per infill side). All the friction
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analysis to indicate contact between the frame and infill in these
ions was analysis 3.3 in which the frame stiffness was extremely
low, Frames of this low relative stiffness ( Ah = 15) are unlikely to

oceur in practice., Wig. 8.24 indicates that generally the contact

K

lengths reduce with frame stiffness as was expected.

Table 5.3 shows the results of these analyses and incluades for
comparison, values estimated using the approximate design method.
Consldering the central infill stresses, the shear and diagonal fension

s results are seen to compare well with the design nethod estimates.

1]
ot
I
®
[

The general tendency of these sltresses is to reduce with an increase in
frame stiffness and boundary friction. The vertical compression stresses
b

ervative) than the design method values when there is no
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friction, but generally lower than the design method wvalues 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
-

zolumn forces for all the analyses. However,the correlation for tne

no friction analyses is better than that for the friction anal rses.

w

B

bheam forces also agree fairly clogely for the no friction anal "se

=)
o
0]

=
S
o

beam forces for the friction analyses are generally much lower

ot

nan the design method values due to the shear transfer from the beam

ot

to the 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 bean design.
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: . s 2 w/d values
L 4nzlysis | Ah Boundary . Central infill stresses P ombe ial £ b= b Infill corner stresses
: friction Bottom infill Middle infill Top iof 11T - Tame memher aXl orces §,§
T 4
o o ‘% Y ot P
U - o, T <398 o T o] o] . e bottom!| bottom avarage
wy Tdt T dt | Ty | owy) Tdb I 3 4 5 6 7 8 9 infill]bwo all A 5 ¢ D
infills infills
x.1 3 Yo 36.41475,8] -19.2 | 24.5 [+10.7 [ =14.0 | 8.6 | +3.7 {~5.01+49.8|~2.2+193.3| -57.6 1+414.0(-217.0 -1.7[+37.3]+112,.8 | 32,7 . 0.32 | 0.32 0.30 -239.9
; 2 5.5 To 44,50 +19.9) -22.2 1 27.2 1412.2 1 ~14.2 ) 9.1 ) #4.1 | ~4.8]450.5] O [+199,31 -49,6 1+444.01-199.8] 0 |+49.01+147.4 |65.1 0.19 | 0.20 0,20 -422.7
33 15 No | 44.81+16.6] -22,6 | 27.2 [+11.2 | -15.2 9.3 | +4.7 |~5.31+52.4| O [+203.0} -37.8+.450.4{-136.8] O . [4+50.3{+150.1 [148.2 | 0.14 | 0,15 0.16 -679.3
ST El Tes | 2 OHT38] <35 86 [+ 8.2~ 8.4 6.37+2.9 [-3.2]+43.5]-9.8[+199.3] -62.31+395.0(-239.5-13.2/- 2.1}~ 4.8 | 2.1 ] 0.67 [ 0.83 0,61 -7
3.5 £.3 Ves 39,3 421.41 =7.2 1 23.5 [410.5 | =10.4{ 7.0 i +4.3 [~5.4{+30.6]-6.114204.5| =38.9 1+444.5|-179.0 -8.5{+16,0{+ 35.0 |50.9 0.43 | 0.46 0.54 -181.4
N 15 Yes | 42.11420.3) -8.9 |25.9 {+12.3 | -10.9| 8.8 | +3.8 |-5.6{4+54.8] 2.4 13+208.0| -37.6 |+444.6|-124.4 -2.61- 2.8|4 37.8 [125.4 | 0.50 | 0.60 0.7% ~363.0
B E Yo 42.50+16.6| -20,1]26.2 [410.7 [~15.1] 9.2 | +4.1 {-5.2[+51.6|+0.1+200,0] -40.9|-439.0]-162.5 0. [+48.2[+143.5 [162.8 ] 0.16 | 0.18 0.79 -546.9
LEwe 15 ¥o 45.31419.9] -24.0 | 27.4 1+12.3 | ~14.4 | 9.1 | +4.1 | =4.7][450.3{40.11+201.5| -49,2}+450.0|-193.7| 0.1 +50.114+150,0 | 64.7 0.18 | 0.18 0.17 -511.8
Pt B Yo, 45,61420,3] «23.3{ 26,1 +12.5 | -14.51 9.5 | +4.3 |-4.9{+52.01+0.8 1+203.,5| -48.0 [+ 447.0|~195,00 +0.7{+53.6{+154.0 |73.3 | 0.15 | 0.15 0.15 -434.2
Denlizn Method Values
T 1 ] ¢
3 - 44.71478.7] ~18.8 [ 26.8 1410.9 | ~11.31 8.9 | +3.6 {-3.8{+50 0 1+200,0{-50 |+450 {-200 0 [+50 |+150 62.7 | 0.10 | 0.%0 0.10 - - - - E ! -
:\ 2.3 - 0 " " " " n " n " " " " " 1 " " n " 87 6 n n " - - - - ' -
a-: 15 - 1" " " " n " " " " " n " " " n " " n 170.7 " " " - - - _ - -
1.7 6-3 - " " " " # " " n n " " " n ”" " n " n ']84-1 n " " - - . - - ; -
: J.e 75 - " i " " L] n " n " " n " " " n " " n 85.1 " n " - - - - - { -

Koteg * Ad = 15 axial stiffness

%%  Ah = 6.3 axial stiffness

Sy

*%%  Pin-jointed beams

Table 8.3 Three storey square infilled frames under lateral loading
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For all the analyses the desizn method is conzervaiire zs
regards to lateral deflection. Some conservation was intended so as

t- allow for plastic behaviour of the infill and any slight lack of

From the results it can be seen that the w/d ratio is

@

v increased by an increase in frame stiffness or an increase

ranerall

in boundary friction., The w/d ratio is also seen to be generally

slightly smaller in the lower infills., This may be due to the column
members for these infills being subjected to proportionally higher
axial loads than the columns for the higher infills,

The principal compressive gtresses in the infill coruercs have
zgain been included in Table 8.3 in order that the main trends can be
zeen. Ag expected the corner stresses tend to increase with a reduc-
tion in boundary friction and frame stiffness,

In the design method, the asgsumption is made that the moments in
the frame do not exceed Hh/20 at any point. This value was derived
from the resgults of the three storey analyses. The maximum frame
moment was calculated for all of the analyses and was found to glwars
occur at the base of the compression colum. The maximum noment was

L

found to ocecur in analysis 3.9, where the beams were pin-jointed,
Ah = 6,3 and 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 are plotted as a

.

percentage of the moments that would occur in an uninfilled frame.

(i.e. Hn/2).

Three further analyses are included in Table 8.3. Anal—ses 3.7

Fh

and 3.8 were undertaken to determnine whether the axial or the flexural

et
ot
9]

stiffness of the frame was the predominant factor consrilling

lateral deflection. In these analyses both the frame member deptis
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and the frame E values were adjusted to give the axial =0l flexiral
stiffnesses shown in Table 8.3. The results indicate that as assumed
in the design method, the axial stiffness of the frame is the predom-
factor controlling its lateral deflection.

The final analysis (3.9) was a repeat of analysis 3.2 with the

inned rataer than rigidly connected to the columns. The results

o
EB
&l
W

3

indicate that the central infill stresses and the frame forces are
1ittle affected by the rigidity of the joint connection. The lateral
deflection of the frame and 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 corner stresses increased by between 1% and 247,

8.5.4 Three bay square infilled frames

Two finite element analyses were undertaken on three bay square
infilled frames. The arrangement is shown 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 notbt compare very well with
the design method estimates because of this uneven loading, (The
design method egtimates assume an even spread of loading between the
infills). The applied loading was in fact rather unrealistic because
wind loading on buildings tends to be divided approximately equally

between the windward and leeward faces of a building. A negative

5

3
¥

I=
o

pressure is usvally formed on the leegide of a building which is o

same order of magnitude as the positive pressure on the windward side.
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o o)
nalysio s ; !
At + o E Central infill stresses Frame member axial forces Latera? w/d values "
Ref, Ah B deflectio 3 by '
g n . Infill corner strern :

5 E Infill 1 Infill 2 Infill 3 Point | Point . -
5 ; oint| Point| Point | Point l
SEL Tl %as] O | Txy| Cat| Oy | Txy| %at| 2 3 4 5 6 7 X ¥ X - A B C D B P
|
4

4% 1603 | No | 22,3 | 47,9 1=10,8 18,6 46,7 |=5.6]13.31 +5.9 | 5.9 =144.7] «59.8] +0.1 |4125.4]493.71 +70.9 [ +0.3 | 8,74 | 4.88] 0.23] 0,15 | -260.4 | -183.6| -162.8

N

i
pNe]

4, %% ‘é,z Fo | 18,2 |+7.8] =8.5117.8 147.5 [-7.5017.7 1 +7.9 | ~B.90 -44.3)+48.8)+748.8/499.6 1+94.3 | +97.3 | =1.0°] 6,81 9.35| 0.20] 0.20 | -188.7 | ~145.5 | ~1€9.2

Deaign metiod valuss

4.1 6.3 1 = 11729 {+7.3] =T 9 17.9 1+7.3 | =T.9117.9 1 +7.3 | -7.9 ~200 | -100 0 14700 [5+100 | 4100 0 14,311 8,40 0.10} 0.10

4.2 183 | = 117.9 14723 7.9 17,9 |+7.3 |=7.9117.9| +7.3 | 7.9 =50 |+50 |+150 |+100 [4100 | +100 | o 11.89 1 14.31] 0.10] 0.10 -

P

Notes #* Horizontal loading =~ 300 units at X %g
0 units at Y
e " " - 150 units at X

150 waits at Y

Table 8.4 Three bay square infilled frames under lateral loading



A second analysis was therefore conducted with the applied load
gplit evenly at points X and Y. The resulis from this analvsis indi-
cgte that the load is gplit 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 of
towards the centre of the group.

The behaviour of infilled frames comnected 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

!

§ by summing their individual strengths,

)
=
(")

a gerieg of infilled ame

(provided they are of similar dimensions).

5.5.5 Single non-sguare infilled frames

Six analyses were undertaken on single non-square infilled frames,

The medium stiffness frame with Ah = 6,3 was considered and®the modulus

of elagticity ratio was taken asg 4. h/8 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 incladed in Table 8.5

.

4]

are tre values estimated using the design method.

close agreement is found

Q‘.

Congidering the central infill stresses,

[
[

tween the design method estimates and the analyses results when h/¢

s than or equal to 1. TFor the analyses with h/f = 2, the design

1

[
(1
O]
0

methind 1s rather conservative for both the tensgile and shear siresssg,
The tension column forces are estimated fairly accurately Ty the

design method. Only in the h/? = 0,33, no friction analvsis does the



Conlbral infill

Anaﬁi yHI8 Boundary streaseq I'rame member axial forces | W s : fnfill corner
Ref, h/e friction? o gy | w/d stresses :
© D : |
A+ e Ponitbi P
. o 1 5 3 y © b Pogition} Poaition
P dt - = K A \ :

o
5«»2
5.3

5.4

1

2

1
D
33

No

No
No

6,01 +2,0] +0.8

-8.6

+184.0 | -4.0 ~5.2 ~1.4
+102.8 | -0.3 | -0.5 | -1.8

+57.7 | 1.0 0 412 | 40.4
+42.7 | +0.9

0,16
0.16
0.1
0.09

~400.6
=175.3
-145 .1
-126."

~373.5
- 188 7

-~

el t

-132.3

5.5
5.6
5.7

5.8

2

1
%)
33

Yes
Yes
Yeg

Yes

27.6 110.51(-33.0
14,61 +6.21 ~7.8

+174.3 | =6.3 | -28,2
+100.0 -4.7 | =16.3 -8.,7
+54.5 4

+£38,0 1 w26,0 +1.3 w5,

~0.5

5 d +Q@8{V+7u9

-19.6 —d. 4

0.24
0,25
0.35
0,32

5
-75.2
-46.3
-33.2

9

~327 1

-135.1

Design method values

T

#

[

(IR
&
ON o Ul s

N1
£
-3 )

T
=

NI AT
&
o o

+176.5 0 0] 0

+100 0 0 0

+53.6 0 0 0

+36,6 0 0 0

11.74

6.43

0,10

0.10

0,10

0,10

Table 8,5

Bingle non=sguare infilled frames under latersl loading
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error exceed 10%. Although the design method calculates thabt no forces
are taken by the other frame members, the analyses indicate that in
cases considerable forces do develop. The most significant of
these forces are in the beams. In the three storey analyses described

n 8.5.3, the beam forces were generally below the design

fot
i3
[ 93]
D
¢
ot
-
Q

method egtimates., Since the three storey analyses are probably a more
realistic representation of the behaviour of infilled frames in build-
ings, it seems reasonable to disregard the higher than design beam forces
in these analyses.

In all but one of these analyses, the design method gave a con-
servative estimate of deflection. It 1g interesting to note that for
the no friction analyses, the w/d ratio reduced with reducing h/f ,
while for the friction analyses, the w/d ratio increased with reducing

h/8, These analyses thus emphasise the difficulty of trying to make

acecurate deflection predictions for infilled frames,

8.5.6 Three storey square infilled frames - bottom infill omitted

Four analyses were undertaken on three storey square infilled
frames with the bottom infill omitted, The results are shown in Table
8.6. The frame numbering etc. and loading was as in Fig. 8.74.

Analysis 6.1 was with the basic frame and the restraints as

(A
-3

analysed previously, with just the bottom infill removed. Fig. 3

£

snows the compression principal stress results for this analvsis.
The two infills are seen to be acting together rather as a single tall
infill, The results in Table 8.6 show a very large lateral deflsction
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



Annlysis > g Central infill stresseg frame me iz g g -
Reg, . g % 'n : X o Frame menber axial force vgfé 1nfill corner abvenoes
g o | Middle infill Top infill o Ea—
o - . .
Dl Tayl Cat | % | x| Cat| Oy 1 2 3 4 5 6 7 8 9 'ﬁ%ﬂ ¢ ) D .
S =1
£.1 G230 No [ 17,20 = 7,21=55.5 11931498 1=41. 71+ 151,01 Q0 {4237,51+167.014:304.0] =304, 01433, 31448, 7 11 00,5 447_4‘_471‘4 OB 115 ensA
6.2¢ 16,30 No [30.3]+ 8.31-21.7 [10.1144.5= T.41+ 59.4(+0.7|+232.5] +3.6]+258.1 =258, 1] +0.8]457.91449,1] 90,0[-404.1|-453,5! ~78.8 -99.6
€.3%% 16,3 No [27.21412,11-13.7 | 9.20+4. 7}~ 4.91+ 50.51+0.1]+201.0| ~49.,71+193.2|-193,2 +0.2(+48.9]=97.5| 21.9(-271.9|-260.2] -87.1 -91.6

£ s .31 No 30814 9.21-21.1 N0, 244,41~ Bu4l+ 5T.1141.14230.07 = 1.3]4250.01-250,01 +0.6[4A1,7 1+50.2] 99,0512,

Design method values

1
§ 6.31 w1 26.81490,91-11.3 | 8.91+3.61= 3.8] +50 0] +200 =50 - - 0 | +50 - -
‘1

Notea ¥ Btiffened bottom columns

o " " " , horizontal 1st floor level restraint

ik # " ", pin-jointed beams

Table 8,6 Three storey square infilled frameg with bobttom infill omitted under lateral loading

cee
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=7 the same stiffness as the other columns when there was no bottom
nfill, In analysis 6.2, the bottom column stiffness was increased
Wy a factor of ten. The results from this analysis show the behaviour

-f the structure returning towards that predicted by the design method.

lysis 6.3, a horizontal restraint was applied to the compression

first floor level, in addition to having the columns stiffened
s in the previous analysis. Fig. 8.28 shows the compression principal
stress results for this analysis. The two infills are seen to be acting
geparately in this case, each with its own diagonal strut actions. Tre
results in Table 8.6, show that the structure is now bel
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.

he results were gimilar to those obtained previously with other pin-

=

Jointed beam analyses i.2. some Increase in corner stresses and deflec-
tion, but 1ittle change in the frame forces and central infill stresses.
The maln 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. VUnless the structure is

regtrained fairly rigidly at this level, the behaviour of the infilled

panels above ig likely to be unpredictable,
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Infilled frames are often subjected to vertical loading in
tion to lateral loading. The vertical loading is due to floor

ing transmitted to the beams of the infilled frames. Un-

ortunately it is very difficult to analyse accurately the effects

vertical loading in infilled frames, because the division of load

between the frame and infill is very dependent on the initial fit of

mate

infi

the

mome

stril

vert
cons

sty

anal
for
woul

effe

8.6.

infill, the differing rates of creep of the frame and infill

the degree of shear connection between the frame and

ja

rials an:

i11. The stage at which the infill is constructed will also affect

digtribution of loading between the infills and columns and the
nte in the beams., If the building frame and flooring is con-
cted before the infill is built, the infill will carry far less
ical load than if the infill is built as the building frame is
tructed. To further complicate the problem, the behaviour of the
cture is non-linear due to the boundary separation., The results

sesg for horizontal and vertical loading separately carmot be

QL
&
W
]
5

rimposed to provide the solution for combined loading.

Because of the above complications, the results from the following
yses could only be used to give a very conservative design estimate
combined loading behaviour. A considerable amount of further work
4 be reguired to give a more accurate method of combining the

ctg of vertical and horizontal loading.

2 Singls sguare infilled framesg

Five analyses were undertaken on square infilled frame structures

loaded under differing combinations of vertical and lateral loading.
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Tne arrangement of the restraints is shown in Fig. 8.7 and is similar

2t used in Section 8.5.2. The modulus of elasticits ratio

ot
()
ok
ey

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 wnits and was uniforwmly distributed along the top bean.

The regults 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. 8.29 and 8.30 show

ESX Pl

the principal compressive stregs results for analyses 7.1 and 7.4
regpectively. It can be seen that for the vertical loading only

case, with no boundary friction, a wall on beam type situation exists,
tut 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 stregs results for analyses 7.2 and 7.5
regpectively. For the vertical loading case, analysis 7.5, where

trere is boundary friction, the load is transferred by shesr into the
columns over a considerable length and a wall on beam mode of behaviour
does not occur. Again a diagonal strut action ig seen to develop when

lateral loading is applied.

o

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 shear stress is little affected by vertical loading

while the vertical stress 1s considerably increased and the diagonal

stress slightly reduced. The vertical load in these analvses

ot
@
-
0
54
bk
(¢

has the effect of reducing the top corner infill stress while increasg-

ing the bottom corner infill stress. The vertical loading reduces iv

lateral deflection of the structures.



oo o
nal vad o g b lentral infi ‘ ] o
Analysis R 2 S& Contral infill Frame mewber axial forces | Lateral Infill corner slrenses
Ref. Ah| S o gstregses . e

§ 9| deflection e ‘ P

= v W , Position Poaition

O o] T o ol 1 P “% 4 ]

PG -~ Xy dt v A B
7.1 6.3 Wo [V,H| 17.2| +5.3 | =15.7] +55.6| =3.8 | ~27.2 | +1.7 6.55 ~207.1 ~174.7
7.2 6.3 Yes{V,H| 13.5{+5.1 | =11.9} +50.3 | -33.0 | -45.2 | =9.4 3.78 -54.3 -h2.4
7.3 15 No [V,H| 16.8 | +4.4 | =14.7] +51.1| =-0.8 | ~13.8|+0.4 10,52 ~309.8 +200.8
7.4 6.3 No| VvV | 0 |-1.4] =7.6] =16.1] -1.6|-16.1}24.6 0.6 -62.5 0.2
7.5 6.3 Yee|V | 0 |-1.3] -6.2 ~16.71 -5.9|-16.7 [+16.0 ~0.39 -12.2 1.7

Notes OV = 100 unit wniformly distributed vertical load
H = 100 unit horizontal load.
Table 8.7 Single sguare infilled frames under combined vertical and horizontal loading.

90¢
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For vertical leading only, the distribution of the lecad between
the columns and Infill depends on their relative axial stiffnesses.
This does not however occur, when lateral loading is introduced. If
he lateral loading is high enough, as in these analyses, to create a
separation crack on the windward side of the bottom beam joint, then
zpproximately half the vertical load is transferred directly into the
windward column., This has the sffect of reducing the tensile load
in the column. The proportion of the vertical load carried by the
leeward column is alsoc 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 taxen by the column for the

friction analysis.

8.6.,3 Three storey square infilled frames - all infilled

-Beven analyses were undertaken on three storey square infillsd
frame structures, loaded under differing combinatbtions of vertical and
lateral loading. The restraint arrangement is shown in Fig. 8.74 ani
ig similar %o tha® used in Section 8.5.3. The modulus of elasticity
ratio between the columns and infill was taken as 4 and the lateral
loading was as in Fig. 8.14. Two vertical loading configurations were
considered. The first had a load of 100 units uniformly distributed

ch beam and the second had a load of 300 units on each beam., The

v
D
o

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
regults 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.



Aralysis § 5 *é’ Central infill stresses Frame member axial forces 2 Infill esrner stresses
Ref. AR %‘g g Bottom infill | Middle infill Top infill §§3
cT:L:. = T | Oat o, Terl %at| Oy Tl Tat o, 1 2 3 4 5 6 7 8 9 »‘33 A B ¢ D
8.1 6.3 No| V,H | 45.41+14.81-36.9 |28.3)49.7|-27.5| 9.7|43.0)-14.4 | +19.3|-16.91+116.0| -97.8/+313.5|-264.0 | ~1,9+50,6| +148.81 58.0 |=437.11-414.81-279.5 -243.3|-112.5
8.2 6.3 | No| 3V,H | 48.6) +9.4]-90.8 |29.2/+6.6]|~59.9| 10.3|4+0.6{-32.1| -22.8 |-44.,0| =14,2{-170.5[4123.2|-356.0 | -4.6}459.7| +152.0) 49.4 |-449.3 |-399.7 ‘3""'5:233'4 -1€3.2
8.3 6.3 | Yes| V,H | 37.2[+10.3-26.2 |20.3144.61-24.5| 7.3132.2]-12.9| +9.3|-12.8]4+131.9| -81.0(+296.5 |-234.0 |13, 1] 40.g| +30.1| 43.0 |-182.6 =196.2} -62.81-41.5 |-21.8
8.4 6.3 | Yes| 3V,H | 39.5| +5.6 [-73.8 |21.6|+4.0|-48.6| 6.5|~1.9]-30.0 | 18,0 |-32.0| -21.4|-166.6[*109.8|-349.0 |-29.5| 3.8] +3.6} 32.2 |-189.7} -41.2] -99.2| -36.2) -44.
8.5 15 | No| 3V,H | 49.7| +2.3|-96.1 |30.4|+4.9|-70.8| 11.0{+0.8|-36.0| =9.7|-17.9| -8.8| -87.9]+118.9|-207.0| -0.6|+50.5] +151+4| 83.8 |-671.9 | -53.31-397.4|-322.3 ~164.4]
8.6 6.3| Nolv 0 | +0.5-26.3 10 |0 |-7.2] © [0.2]-10.2] ~11.0-17.0] =33.8] <33.8] <48.4| 4341 0.5 27.7] 59| 0.1 | =2l (= .1 30.2| =L 30T
8.7 6.3 | Yes |V 0 | 40.2]-25.1 | 0 |=0.5]~16.0] O {-0.7| -9.8[ ~9.1|-9.1| -33.8] -33.8] -52.2| -52.2| 4.2| 44.0 +4.8] 0.1 | ~24,1 ) =17.8} =16.5] -8.8) -0.¢ ;

Noteg #* V = 100 unit uniformly distributed vertical load on each beam

3v = 300 n n n " n " ¥
HE = 50 unit horizontal load applied at top beam level
100 " ", n " » middle beam level
100 " n " n " bottom beam level

Table 8.8 Three storey square infilled frames under combined vertical and horizonial loading

O

Ol
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FIG. 8.33 LENGTAS OF CONTACT FOUND IN ANALYVSES 8.1 to 2.7
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Lzain it should be noted that the lengths of contact will only be given
acproximately by the analyses, because of the relatively ceoarse spacing
of the nodes., Comparing the lengths of contact showm in Fig. 8.33
with 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
increasge linearly down the structure, whilst the férces 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 sliightly
increased by vertical loading, whilst for the friction analyses the
shear stresses remaln unchanged or are reduced slightly. The central
infill vertical stress 1s 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
ty7 the vertical loading with the bottom corner stresses being increased
znd the top cornsr stresses being reduced. The vertical loading
reduces the lateral deflection of the structures.

The beams of the frames are not affected by vertical loading
for the no friction 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 th

columna.  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 columms. For

the no friction analyses, the proportion carried by the tension

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 locading. 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 8.5.4
in that the basic behaviour of the structuresis mainly dependent on the
degree of first floor level lateral resgtraint, Considering the vert-
ical loading analyses and comparing the results with those in Table.
8.8, it is seen that the removal of the bottom infill considerably
increases the bottom cormsr 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 vertical 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, where 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



Analysis Boundaxy % Central infill stresses TFrame member axial forces - ?:« Infill cornoer gtrences
Ref. Ah [Friction? Loading Middle infill Top infill g e ‘
"ol %at] % | "xy] %at| 1| 2 3 4 5 6 |71 |8 9 é’«"g c b | F
9.1 6.3 Yo V,H 35.0[+5.11-59.0/10.0|+4.0 |~36.6 {+100.51+19,2|+154.9] +10.0{+158,0{-458.0! 4+6,0(459,2{+123.3 | 379.7| -676.1]-15 003i—71 01-132.8
9.2¢x | 6,3 ¥o V,H | 32.3048.3/-39.9] 9.8(+3.7[-25.4 | +55.5| =5.4]+130.0| -47.6+108.6 |-408.6 | +0.3/4+53.5+ 52.3 | 94.3| -524.91-604.7/-77.21-334.9
g,3%%% | &, Yo 3V,H 27.0| © —41.3' 9,3]-2.2-28.3 | -25.61-48.9| -47.6 ~234.5(=249,01-650,0{ -5.81+68,7] -39.0 | 18.5] -601.7 |- 09.7}, -83,1({-88.0
9.4 | 6.3 Yes 3V,H 19.4(-5.3|-33.4| 6.9|-1.4{-30.9 | -17.2{-31.3| -44.7|-212.8|-252.0|-648.0 |-28.9|-13.2| —55.1 | 10.7{ -3£3.0| -33. 7' -43.41 <1.9
9.5 6.3 Yo v 0 |-4.6]-10.2] 0 [-1.5| -8.6 | -14.5|-14.5] -59.2] -59,2|-150.0/-150.0 | ~1.41+15.5| +49.1 | -0.1| _102.2] -o. -54.3] 0.2
9. Gxuuk| 3 Yo v 0 |-3.4]-8.1] 0 [-1.6]|-7.3| -14.3|=14.3| -60.6] -60,6[-150.0[-150.0} ~1,0 +13.3’ +27.5 | -0.1 ~96.2 o.L ~67.5] 0.2
9.7 6.3 Yes v 0 {-5.31-9.6| 0 |-0.6}-10.0 | -9.0| -9.0| -46.5| -46.5{-150.0{=150,0| -4.0| +1.0| +41.6 | -0.1| -11.9 -11.01f -9.71 -0.3
9.8 15 Yo v 0 |-6.1}]-12,0{ 0 {=1.5]| =9.7 -6.6] -6.6] -38.4| ~38.4{~150,0{-150.0| -0.3| +9.1] +54.6 | © -143.7K -0.5.—60.1 ~0.4
Notes ¥ V = 100 unit uniformly distributed vertical load on each beam %% tiffened bottom columns
3V =300 " " u " momo " Hk " " ", 1st floor
H = SO unit horizontal load applied at top beam level #%%%  Pin-jointed beams restraint
100 " " " " " middle beam level
100 " " n " " bottom " "
Table 8,9

Three storey square infilled frameswith bottom infill omitted under combined vertical and horizontal loadi:

Yie




tne lateral loading only analysis 6.3 (Table 8.6), it can be seen that

TRy e

for the central infill stresses, the shear and diagonal tension

ct

b

g are reduced while the vertical compressive stresses are

tre
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increased when vertical loading igs applied. The lateral deflection
of the structure is also reduced. The only corner infill stress
significantly increased by the addition of vertical leoading is that
in %hne infill corner immediately above the omitted infill.

il

8.4.,5 Inclusion of vertical loading into the design method

e e

As previougly mentioned, many parameters control the behavicur
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 vertical compressive stress and the
bottom infill corner 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
corner failure mode. The increase in the corner stresses varies

srestly with the type of structure and the position of the infill in

0

the ctructure. For cxample for the three storey structires analised
in Section 8.6.3, the increase in corner stress in the bottom infills
was legs than T%. whilst the increase in the top infills was up to

100% for the no friction analyses., For the friction analises, wiere
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tre corner stresses are much lower, the increase in the corner stress
in the top infill was even higher,

As a result of these findings for infill stress chaznges, it is

design method derived in Chapter 7, when vertical loading is to be
considered. For the shear failure mode, the lateral failure load
should be taken as given in Eq. 7.24. PFor the compression corner
failure mode, the lateral failure load should be taken as one half of
that given by Eq. 7.25, when the vertical loading is between one half
and three timesg the lateral loading. The halving of the Eq. 7.25vload
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 Bq. 7.725.
Vertical loading greater than three times the lateral loading is berond
the scope of the present work.

The lateral deflection of all the gtructures was reduced by the
addition of vertical loading. Thus a conservative estimate of lateral
deflection can be obtained by using the design method of Chapter 7
and ignoring the vertical loading.

Consgidering the frame forces, it 1s suggested that these can be
estimated conservatively in the following manner. The forces should
firzt be calculated by assuming only lateral loading and using the
'iesign 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 carriod entirely by the colunr s, ani (c) the sum

of (a) and (b).
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2,7 Conclusions

The main conclusions from this section of worx can be summarized

28 follows:-

o

O]

(1) The computer programs developed 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 acnieved.
(2) The lateral load analyses indicate that the design method of
Chap'sr 7 gives a fair representation of the behaviour of infillad
frames anl conservative estimabtes for the forces, stresses and
deflections in infilled frames.

(3) The recommendations for the inclusion of vertical loading into
the design method of Chapter 7 contained in Section 8.6.5 are con-
servative and simple, butbt very approximate. A far more extensive

and detailed study would be required to make more precise recommnenda-
tions. Stricter building controls would also be essential, because
infilled frame behaviour under vertical loading is far more seunsitive

to initial fit and frame prestressing than is its behaviour under

lateral loading.
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CHAPTER 9

INFILLED FRAMES: DIAGONAL COMPRESSION TESTS

9,7 Introduction

One mode of infilled frame failure indicated in the previous
chapters was that of diagonal crushing in the cornsrs 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 regtraints found in infilled frames.
Tas 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
2 relationship between the diagonal failure strength of masonry aad
its vertical strength as measured by a standard wall test., The
equipment’for these tests was designed and built at the University of
Southampton. The testing was carried out at Redland esearch and
Development Ltd. under the supervision of Dr, H. Barker. The author
wishes to record his appreciation for the help given by Redland
Research and Development and Dr. Barker.

At the time of writing, the test programme had no’t been completed.

A considera®le number of additional tests are required to give

adequately comprehensive information.
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G,2 Design of apparatus

Ir designing the test equipment, the following points had to be
considered,

(1) When corner failure occurs in an infill, the adjacent bean and
2olumn 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 asg accurately as possible.

(2) For the small sample sizes that were to be considered in these
tegts, 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 considerz-
tions is shown in Plate 9.1 and Fig. 9.7. The diagonal loading was
applied by the two corner bearings at the top and bottom of the =sample.
The length of gide of the bearings was intended to represent the "lenzth
of contact" between the beam or colum and the infill. The load was
applied\by a 50 Tonne hydraulic jack at the top. The surrounding
reactioﬁ 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 were rigldly
~lamped together using the specially designed clamp shown in Plate 9.1,

ig. 9.71. This clamp was designed to be very stiff so that 1ittle

W
h

[
e

of the sample and thus no diagonal cracking would occur. The

w
)
£

ST
ORa =

clamp was suspended from the top of the reaction frame so that no

vertical load was applied to the test sample.



Pla

te g9;1 Diagonal compression test apparatus with
two brick square sample

Plate

9.2 Diagonal compression test apparatus with
three brick square sample after failure

0ce
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FIG. 9.1 TESTING APPARATUS FOR DIAGONAL COMPRESSION TESTS
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9.3 Tests completed

Initially a total of twelve sgquare samples were tested to check
the effectiveness of the apparatus. These included three brick strengths
a~3 two sample sizes, which were 2 bricks wide by 6 bricks high and 3

mricks wile by 9 bricks high., The loading corners used in these tests
had side lengths of 200 mm, Thege 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:
Unreinforced Masonry"65 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, single 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 fhe time of
writing, these were conducted on masonry built with bricks of 10 MY /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 walls 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 2.1
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Sample | Sample ! Failure Diagonal Diagonal Strength
Size Yumber ' Load Tonnes Strength T/m” fv. Vertical Streagth
1 20.4 721 1.63 {
2 bricks ¢ f
i de 2 21.4 756 ; 1.71 %
by 3 25.5 901 ' 2,04 \
£ courses
high | 4 E 19.4 686 1.55
s 1 245 865 1.96
Average? 22,2 : 784 1.78
1 19.4 686 1.55 |
3 bricks ;
3 brick 2 18.4 650 1.47 ‘
wide
by 3 19.4 686 1.55
5 coursss |
5 27.5 972 2.20 E
Average 21.4 756 1.71 _~i
Table 9.1 Results from diagonal loading tests
[ Sample ! Szmple Failure Vertical
i Size i Number | Iicad Tonnes Strength T/m
; .’
§ 6 bricks wide | L 56 421
g by : 2 58 436
! 27 bricks high ; 3 6o 166
l Average 58.7 441

Table 9,2

Results from vertical loading tests
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and those from the vertical wall tests are shown in Table 9.2. The
regults in Table 9.1 indicate that the smaller samples were on average
glightly stironger than the larger samples. The difference however is
rery small compared with the deviation of results within each mample
size, Thisg ig important because for the information obtained from
these tests to be relevant to full size infills, thé resalts must be
indspendent of sample size. One difference between the two sample
gizes was their failure modes. The larger samples tended to crush
only in the loading corner region as shown in Plates 9.2 and 9.3 whilst
the smaller samples tended 1o 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 lozding
tests, no area of loading is cleariy defined. For the purpose of these
testg, the area of loading will be defined as the cross-sectional area
of the infill between the ends of the two lengths of contact.

Thus the loading area = 0.2 x /2 x 0.1 = 0.0283 n°.

The average strength of the ten samples = 21.8 Tonnes.

Thus the diagonal failure stress = 21.8/0.0283 = 770 Tonnes/mg.

Considering the vertically loaded walls

The area of loading = 0,7 x 1.33 = 0,133 m2
The average failure load = 58.7 Tonnes.
Thus the vertical failure stress = 58.7/0.133 = 441 Tonnes/mz,

Comparing the diagonal and vertical strengths

diagonal strength
vertical strength — 441

Z_Y_Q _ 1.75 “

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 lozding

area ig defined as above,
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Plate 9.3 Three brick square sample after failure
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Further testing

Several further sets of tests are planned in which different
arameters will be varied. The strength of masonry and the type of
brick, e.g. frogged, perforated, will be varied to see if a constan?®
ratio between the diagonal and vertical strength exists., The size of

oading corners will also be varied to see if scale effects are

ot
|»)<
[

fd
}.J

important. Finally non-square samples will be tested to assess the

effects of changes in the angle between the loading line and bedding

plane,
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.5 Conclugions

The maln conclusions from this section of work can be summarized

(1) The tests completed up to the time of writing indicate that the
dizgonal strength of masonry is greater than its vertical strength,
when the diagonal loading is of the type experienced in infilled frames

nd the loading area ig defined as the cross-sectional area between

W

the sndsg of the two lengths of contact. For the tests completed, the
dizgonal strength was approximately 7% greater than the vertical
strength.

(2) Turther testing is required before final conclusions regarding

diagonal compressive strength can be reached.
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CHAPTER 10

GENERAL CONCLUSIONS

The main conclusions from the work contained in this thesis can
be gummarised as follows:
(1) The methods presented for the design of vertically loaded masonr:
walls supported on encased steel beams are simple to applv. They can,
horever, be very conservative , if the beam has a high level of support
rotztional restraint and the wall is continuous past the 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, 2 far more detailed and ex-
tensive study would be required. Stricter building controls would also
bs essential, because infilled frame behaviour under vertical locading
is far more sensitive 1o ini%ial infill fit and frame prestressing
than is its behaviour under lateral loading.
(3) The finite element programs developed will give a good indication

lastic behaviour of walls on beams and infilled framnes, even

(@]
by
ot
jay
D
®

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 wall on beam structure
have produced equations that relate the maximum stresses, forces and
moments in the structure to the dominant controlling parameter.

Although these eguaations differed to some extent from the equations
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agsgumed in the design methods, these differences did not necessisate
zry alteration to the design methods. To obtain similar eguations for
wall on beam structures, where the beam is subjected to support rota-

ionzl resitraint and the wall is continuous past the support would

ot

require a very extensive series of analyses, because of the large
number of controlling parameters.

(5) The finite element analyses of infilled frames under 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 with infill type loading is in the
order of 794 greater than its strength under standard vertical loading.
Many more sets of tests are required, however, before final conclusions

can be reached.



N

70,

12.

230

REFERENCES

Dischinger, ¥. "Beitrag zur theorie de halbscheibe und des
wandartigen balkeng". International Association
for Bridge aand Structural Engineering, 1932, I,
pp.69-93.

Durant, ¥.J. and Garwood, F, "Stresses in a deep beam". Ministry
of Works Technical Note No.78, Oct. 1947.

Wood, R.H. "Studies in composite construction, Part 1. The
composite action of brick panel walls supported
on reinforced concrete beams". National Building
Studies, Research Paper No.13, 1952.

Rosenhaupt, S. "Composite walls"., D.Sc. thesgis, Israel Institute
of Technology, Feb. 1960.

Rosennanpt, S. "Experimental study of masonry walls on beans".
Proc. A.S.C.E., Vol.88, ST3, pp.137-166, June 1942,

Rosenhaupt, S. "Stresses in point supported composite walls'.
Journal of the American Concrete Institute, Vol.é1,
No.7, pp.795-809, July 1964.

Coull, A. "Composite action of walls supported on beams".
Building Science, Vol.1, pp.259-270, 1966.

Colbourne, J.R. "Studies in composite construction: an elastic
analysis of wall-beam structures". Building
Research Station, Current Paper 15/69, Mar 1969.

Burhouse, P, "Composite action between brick panel walls and
their supporting beams". Proc. I.C.E., Vol.43,

pp.175-194, June 1969.

Wocd, R.H, and Simms, L.G. "A tentative design method for the
composite action of heavily loaded brick panel
walls supported on reinforced concrete beams”.
Building Research Station, Current Paper 26/69,

July 1969.

Male, D;J. and Arbon, P.F. "A finite element study of composite
action in walls", 2nd Australasian Conf. Xech.
Structures and Mats., University of Adelaide,

August 1969.

Green, D.R. "The gtress analysis of shear walls", Ph.D. Thesis,
University of Glasgow, August 1970.

13. Green, D.R. "The interaction of solid shear walls and their

supporting structures". Building Science, Vol.7,
pp.239-248, 1972.



I

(|
.

20,

21,

22,

25.

26.

27.

231

7zitram, A.L. and Hirst, M.J.S. "An elastic analysis for the
composite action of walls supported on simple
beams". Building Science, Vol.6, pp.151-159, 1971,

Hetényi, M. "Beams on elastic foundations". University of
Michigan Studies, Scientific Series Vol. XVI, 1946.

Private communication with Mr. A.L. Randall, Redpath Dorman Long
Limited.

Choudhury, J.R. "Analysis of plane and spatial systems of inter-
connected shear walls". Ph.D. thesis, Universit-
of Southampton, 1968.

Lan, P.C.M. "The structural behaviour of panel type buildings™.
Ph.D. thegig, University of Southampton, 1972.

Riddington, J.R. "Composite action of masonry walls supported on
reinforced concrete beamg". B.Sc. Honours Project,
University of Southampton, 19771.

Polyakov, S.V. "On the strength and deformation of stone masonry
filling in framed walls under shearing load",
Building Industry, No.3, 1952, Moscow (In Russian),

Polyakov, S.V. "Masoanry in framed buildings". 1956, English
translation by G.L. Cains (1963).

Polyakov, 5.V. "On the interaction between masonry filler walls
and enclosing frame when loaded in the plane of
the wall", Earthquake Engineering Research
Institute, San Francisco, 1960,

Polyakov, 3.V. "Some investigations of the problem of the
strength of elements of buildings subjected to
horizontal loadg". Symposium on tall buildings,
Edited by A. Coull and B. Stafford Smith, Perzamon
Press, 1967.

Waitney, C.8., Anderson, B.G. and Cohen, E. '"Design of blast
resistance construction for atomic explosions".
Journal of the American Concrete Institute, Vol.51,

pp.655-673, 1955.

Benjamin, J.C. and Williams, H.A. "The behaviour of one-storey
reinforced concrete shear walls", Proc. A.S.C.E.,

Vol.83, ST3, 1957.

Benjamin, J.C. and Williams, H.A. "Behaviour of one-storey walls
containing openings! Journal of the American
Concrete Institute, Vol.55, pp.605-618, 1958.

Benjamin, J.C. and Williams, H.A. "The behaviour of one-storey
brick shear walls". Proc. A,S.C.E. Vol.84, ST4, 1258,



39.

40.

41.

232

Zenjamnin, J.C, and Williams, H.A. "Reinforced concrete shear

wall assemblies". Proc. A.S.C.E., Vol.86, ST8, 1960,

Satchanski, 5. "Analysis of the earthquake resistance of frame
buildings taking into consideration the carri:ing
capacity of the filling masonry: Proc. 2nd World
Conference on Earthquake Engineering, Vol.3, pp.
2127-2141, Japan 1960.

Stafford Smith, B. "The stiffness and strength of infilled
frames". Ph.D. thesis, Bristol University, 1963.

Stafford Smith, B. "Lateral stiffness of infilled frames".
Proc. A.S.C.E., Vol.88, ST6, pp.183-199, 1962,

Stafford Smith, B. "Behaviour of square infilled frames".
Proc. A.S.C.E., Vol.92, ST1, pp.381-403, 1966,

Stafford Smith, B, "Methods of predicting the lateral stiffness
and strength of muliti-storey infillkd frames".
Building Science, Vol.2, pp.247-57, 1967.

Stafford Smith, B. "The composite behaviour of infilled franes.
"Symposium on tall buildings, Edited by A. Coull
and B, Stafford Smith, Pergamon Press, 1967.

Stafford Smith, B. and Carter, C. "A method of analysis for
infilled frames". Proc. I.C.E., Vol.44, pp.31-49,
Sept. 1969.

Carter, C. "“The behaviour of infilled frames when subjected to
lateral loading". Ph.D, thesis, University of
Southampton, 1970.

Karamanski, T. "Calculating infilled frames by the method of
finite elementg". Symposium on tall buildings,
Fdited by A. Coull and B, Stafford Smita, Pergamon
Press, 1967.

Mallick, D.V. and Severn, R.T. "The behaviour of infilled frames
under static loading". Proc. I.C.E., Vol.38,
pp.639-656, Dec. 1967.

Mallick, D.V. and Severn, R.T. "Dynamic characteristics of
infilled frames". Proc. I.C.E., Vol.39, pp.261-2%7,
Feb, 1968.

Mallick, D.V. and Garg, R.P. "Effects of openings on the lateral
stiffness of infilled frames". Proc. 1.C.E.,

Vol.49, pp.193-203, June 1971.

Tomii, M. "General analysis of elasticity of shear walls ty stress
functions™. Recent researches of structural
mechanics, April 1968, Tokyo, Japan.



51.

52.

55.

56.

233

Liauw, T.C. "Elastic behaviour of infilled frames". Proc. I.C.E.
Vol.46, pp.343-349, July 1970.

Kadir, M.R.A., "The gtructural behaviour of masonry infill panels
in frame structures". Ph.D. thesis, Edinburgh
University, 1974.

Wood, R.H. "Discussion on the stability of tall buildings".
Proc. 1I.C.E., Vol.12, pp.502-522, 1959,

Holmes, M. "Steel frames with brickwork and concrete infilling".
Proc. I.C.E., Vol.19, pp.473-478, Aug. 1961.

Holmes, M. "Combined loading on infilled frames". Proc. I.C.E,
Vol.25, pp.31-38, May 1963.

Tomii, M. "Design procedures of concrete shear wallg",
Department of Architecture report, April 1946,
Kyushu University, Japan.

Liauw, T.C. "An approximate method of analysis for infillsd
frames with or without openings". Building Science,
Vol.7, pp.233-238, 1972,

Mainstone, R.J. "On the stiffnesses and strengths of infilled
frames". Proc. I.C.E. Supplement (IV), 1971.

Mainstone, R.J. "Supplementary note on the stiffnesses and
gstrengths of infilled frames". Current paper
13/74, Feb. 1974, Building Research Establishment.

A

Smolira, M. "Analysis of infilled framesg". Proc. I.C.E., Fart
Vol.55, pp.895-912, Dec. 1973.

b

Thomas, F.G. "The strength of brickwork". The Structural
Engineer", pp.35-46, Feb. 1953.

Wood, R.H. "The stability of tall buildings'". Proc. I.C.E.
Vol.11, pp.69-102, Sept. 1958.

Esteva, L. "Behaviour under alternating loads of masonry dia-
phragms framed by reinforced concrete members',
Symposium on the effects of repeated loading on
materials and structural elements, RILEM, Mexico,

1966,

Simms, L.G. "The behzviour of no-fines concrete panels as the
infill in reinforced concrete frames". Civil
Engineering and Public Works Review, pp.1245-1250,
Nov. 1967.

Stafford Smith, B. '"Model test results of vertical and horiczontal
loading of infilled framesg". Journal of the
American Concrete Institute, pp.618-624, Aug. 1965,



wn

N
0

I

234

Trigo, J. "Estruturas de paneis sob a accao de solicitacces
horizontais". (In Portuguese), National
Laboratories of Civil Engineering, Portugal, 1968,

Meli, R, and Salgado, G. "Comportamie~ts de muros de mamposteria
sujetos a cargo lateral" (In Spanish), National
University of Mexico, Sept. 1969.

Meli, R. "Behaviour of masonry walls under lateral loading".
National University of Mexico.

Yainstone, R.J. and Weeks, G.A. "The influence of a bounding
frame on the racking stiffnesses and strengths
of brick walls". Proc. of the 2nd Interncstional
Brick Masonry Conference, Stoke-on-Trent, April

1970.

Piorato, A.E., Sozen, M.A. and Gamble, W.L. "An investigation of
the interaction of reinforced concrete frames
with masonry filler walls". University of
Illinoisg, Nov. 1970.

tafford Smith, B. and Rahman, K.M.K. "The variations of stress
in vertically loaded brickwork walls". Proc.
I.C.E., Vol.51, pp.689-700, April 1972.

Stafford Smith, B., Carter, C. and Choudhury, J.R. "The diagonal
tensgile strength of brickwork". The Structural
Engineer, Vol,.48, pp.219-225, June 1970.

Hendry, A.W. and Sinha, B.P. "Shear tests on full-scale sgingle-
storey brickwork structures subjected to
precompression". The British Ceramic Research
Association. Technical Note 134.

"Draft British Standard specification for the structural use of
masonry. Part 1: Unreinforced masonry". Britis=
Standards Institution. Document 74/10483 DC.



235

APPENDIX A : WALL ON BEAM COMPUTER PROGRAM

SCOPE: The computer program was used to analyse s:mmetric wall
on beam problemg. The left hand nalf of the structure
is analysed.

FACILITIES: 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 pasgt the end of the
beam and can continue below the beam level.

5. Separation cracking on the wall beam boundary
is automatically generated.

CUTPUT: Printing of input data.

Element connectivity.

Displacements at nodel points.

Stresses at element centroids.

Extrapolated stresses on wall-beam boundary.

Tie force and moments along length of beam (optional),

DATA INPUT INSTRUCTIONS:

A. Problem number card (I2)

Column Variable name Description

1-2 NO Problem number

B. Problem description card (10 I3)

1-3 NEL Number of elements
4-5 NN Number of nodes
7-9 NRN Number of restraints

or applisd displacemsntis



C.

D.

B.

10-12
13-15
16-18

19-21

20-24
25-27

28-30

236

NLOADC
NTYPE

X

LY

INN
IEN

MDN

Set to 1

1" "non

Number of elements in
x=-direction

Number of elements in
y-direction

Set to 1

1A non

Number of nodes in
x=-direction

Elemeat dimensions in x-direction cards (F8.2) (LX cards)

1-8

prx(1)

Horizontal dimensions
of elements in order
from left

Flement dimensions in y-direction cards (F 8.2) (LY cards)

1-8

Material properties card (7F6.2, 2I3)

1-6

7-12

13-18

19-24

25-30

31-36

37-42

DLY(TI)

Dz

EB

VB

ER

EC

vC

Vertical dimensions of
elements in order
from bottom

Thickness of elements

Brick or wall modulus
of elasticitys Eb

Brick or wall Poisson's
£

ratio Vb

Ratio E /B, (Em -

mortar modulus of
elasticity)(Set tc 1 if
homogeneous wall)

Ratlo vm/vb’ (vm = mortar
Poisson's ratio)(Set to

1 if homogeneous wall)
Beam modulus of elast-
icity

Beam Poisson's ratio



4

[l
b
.

43-45
46-48

237

NC

NNS

Number of mortar elements per row cards

1-3

NER

Mortar element position cards (I3) (NER

1-3

0<

NERP

Number of rows of air space card (I3)

1-3

K

Last beam element
Last beam node
(13) (LY cards)

Number of mortar elements
in each horizontal row in
order from bottom (Blank

card if homogeneous wall)
(Repeated with G cards if
non homogeneous wall)

cards, required only if
NER < IX)

Mortar element position,
referenced to the lowest
row of elements

Number of horizontal rows
of air space elements

Air space element position cards (2I3) (K cards)

1-3

4-6

L

“umber of rows of beam card (I3)

1-3

X

Beam element position cards. (2 I3) (K

1-3

4-6

L

Number of applied loads card (I3)

1-3

NALOAD

First element of air space cf
considered

Last row of air space of
row considered

Number of horizontal rows
of beam elements

cards)

First element of beam of
row considered

Last element of bean of
row considered

Number of applied loads

2

oW
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M. Load information cards (2 I3, F 8.3) (NALOAD cards)

1=3 N1 Node number at whic: load
ig applied
4-6 N2 Direction of load,

1T = x=direction
2 = y-direction

7-14 E3 Magnitude of load

Y. Restraint or applied displacement cards (2 I3, F 10.7)(NRY cards)

1-3 N1 Node number at waich
restraint or displacement
is apnlied

4=5 N2 Direction of restraint or
displacement, 1= x-direction
2=y~-direction

7-16 DISP Magnitude of displacement,
I1f restraint, leave blank

C. Information for calculation of beam moments and tie force card
(11,2F 10.3, 2 13)

1 KT Are moments and tis forces
in beam required?
1=Yes (Onlvy permissitle
if 2 rows of elems isg in
beam)
Blark card = No

2-11 Wr Load to be considered on
full span of beam

12-21 T Length of full span of beam

22=24 IT First element of beam on
bottom row

25=-27 JT Tast element of beam on
bottom row



t».f\.»*c(a\ovbuw—actym\oubundccm\ourum-»-c

b6
45
46
%4
]
&Y
2U
21
-4
23
o6
23
20
57

L ~O VP G A =2

239

LIST L¥ _ N o U
PROGRAM (GEPN) -
EXTENDED DATA

" INPUT 3 =CHU
YUTPUT 6 = LPU

" GOMPRESS INTEGER AND LUGICAY o
END i
MASTER HEMSA

" COMMON JCDATA/NEL,NN,NRN,NLOADC, NTYPE,NEN;NNp,Nsw,MDN.NNS

TeMONA,MDNN, NR&P;NC'LK:KT;WTvTLrlTIJT
COMMUN/CEL/ELACRZDS/ e ELY(EDD) JELZ(ED5) ;kEE(LDS) VYV (LSd)

€080

£081

299

€0u]

7000

900

LAY
901

Youe

Yus

"SL«’EQR(,HH'INEWSETUP"Mw

—-lt

CUMMUN/CE&T/NCON(ZD:,Q)rNR(bU)'ALUAD(606,¢);SKA(OUG;}O’:U(OUb)

READ (>,<08U) nNO

PUKMAT

I (WO,
(6,2081) NO

WRITE
FURMAT
CALL

SETUP

(1}

EQ,u) GO TO ¢

(CTHT ) 4UX, ' PRUBLEM NU, =", 127773

CONTINUVE

GALL
GaLL

ASSEMBLE
STRESSES

IF(NREP.EQ,1)GU TO ¢9Y

GO 719
§$TOP

1

Enp

CUMMON /CDATA/NEL,NN'NKNfNLQADCpNTYPEfNEN{ﬂﬂpkﬁﬁw}ﬂprNNsawn
FMONA,MONN A NREP yNCrLX KT o WT o TL,ITedT
CUMMON/ CEL/ELXCZO57 s ELY(ZD8) s, Z(E35) JEEE(ZY3) VYV IigEHD)

CUMMQN/CEST/NCUN((:D,A)'NR(OU),ALUAD(OU&,C?fSKA(bUBQSDJlU(OUB)

DIMENSION DLXCT3),VLY(1/7) ’
READ(S5/2UUT)NEL,NNeNRN,NLOADC /NTYPE , LX, LY INN,IEN,MDN

PURMATC T013)

DO 900

READ (5,900UU) DLA(L)

FOKMAT

4CUNTINUE-

DU w01

READ (3,90VU1) DLY(H)

FORMAT

I=Te LA

(F&,d)

151,17

(F8,4)

CUNTIHUE
READ (3,900¢) DZeFo VB, ER/VR,EC,VC/ NG/ NNS

FURMAT
bo 903
QU YU

(rF6,4,¢13)
1770 LY
JET s LK

KE(l=7)eLx*y
ELECK)SDLALY)

ELZ(K)

=04

EEE(R)=EH
VVV(R)=VH
ELYCRIFDLY (L)



T
E'R
Tve

08

U4

S Tus

06
107
Tun
10¥
T1u
111
114
118
114
115
116

YUu3

_%us
. YOve
AL
_ Pue

210
O 90s

TTTTYQUS

915
¥4

21

20

VELXeLY

300

004

£0Uds

BLLLAUIN
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READ (5,90U3) NER

FUORMAT (15)

IF (NER,EQ,0) GO TV 9US
IF (LX=NER) YU0,Y09,90>

PO Yys J=T1,NER

READ (5,90U&) NERP
FURMAY (13)

KRE(le1 )2 X*NERP
EEE(K)=ERwEH

VVV(K)SVReVE
CUNTINVE

60 TO YOS
PO 910 JET LK

Ke(lmldelx*d
EEE(K)SEK«ED

VVV(K)3VR#VH
CUNTINUE

CUNTINUE
READ(5,9002)K

FURMAT(IS)

1F (K,EQ,0) GO TU ¥16

PU 912 I=1,K
READ(5,9006) LM

FORMAT(CIS)
PO 975 J=Lsm

EEEC(Y)=0, 00UV
CUNTINUE

CONTINUE
READ(S,9UUDIK

PO 914 I=1,K
READ(5,5000) M

DO 915 JsLm
EEE(J)=EC

VYV EVE T
CONTINVE

NENZG

PU 50 I= 1,NC
REL4LEN=T

NCONCK 1) = UINN=T) eV CLX+T) el wT ) /L%

(Krd)SHOONC(K, 1)+ o T
NCON(Ks3)= NCUN(K,E)+MUN
NCONCK, 6)5HCUNC(K g1 7eMmDN

NCON

CONTINUE

JISNC+T

T DPUT30Y KRS,

NCUN(K;T)=(1HN=1)t\(LX¢1)*K§1)/LX+MDNWhM*‘WVw

NCON (R, 2)NECUR(R, 1241
NLONCK, € +MON
NCONC(K, o) anCONCK 1 2¢MDN

NCON(K.3)=

CUNT]IHRUE
WRITE (6,20U4)

FORMATC DX "FEINITE ELEMENT
NELINN nHNyNLOADE

WRITE (6,20UU)

2=n

ANALYSIS'//)

FUKMAT(5A, 'NU UF REUTANGULAK ELEMENTS

15X, 'NO OF NUDES
€ 2Xe'NU UF RESTRAINTS

Y935/
RE-7)
Veld/



117 35X, YNO OF APPLIED LUAD CASES S TN T

118 IF (NTYPE=1)54,54,2)

199 Sh WRITE (6,2U06) S

14V ’ GU Ty 3¢ 77 T ) -

1¢1 5% WRITE (6,20U7)

1¢€¢ 56 CUNTINUE T o . T TTmem T

28 ZUU6 BPUKMAT (5X¢' PLANE STRESS'/7) )

e €QU7 FUKMAT (9Xs' PLANE STRAIN'//) - - T

1¢5 WRITE(®,20UB)

146 €UUB PUKMAT(/T0X,"CONNEGTIVITY AND DIMENSIONS UF REGTANGULAR'

idr TELEMENTS /70K, EL, MUY 6 (RX ' NODE" ) pTUXo P X pIUXy "Y' 090N,

1 ‘6 - 2' T ] ' " U)( ’ ¥ E ] ? 1 Ux P : o o T e I T s e T PR T S T e e e e

¢y S'W'/ T0X VT p 8Kt 2 18X T3 8K.6"/) B
T 1au CUTTTTTTTTTHNNEenN T T B o

141 DU 57 1=1./NEL

18¢ © U WRITE (6,2009) 1/ (NCONCT,d)eda174) sERXCT) ELYCE) (ELZCIDEEECY),

1355 2yvv (D)

134 57 CONTINUE ~~ - T

13> €QUY FURMAT (19 26090 TKpS5CFT1,0))
KT DU 6U ]=1,NNN [ — - s

157 PU 6y J=1,NLUADC
KT “u(1)s0,0 o "*“‘ B ‘ T

18y 60 ALUAD(l,d)=U
40 TOUURRITE (6.2010)

161 €010 FUKMAT (THT,5X,'APHLIED LUAD'//7) S

Ted DO 58 1=1,NLUADC T T T T .

148 READ (5,21UU) NALOAD e
T 146 €100 FOKMAY (130~~~ — ’

165 WRITE (&pecC0U) ] o
R Y €200 FURMAT(/' LUAD CASE ", I3/7/5X,"NODE NO, ", 9Ky YSENSEY,

16¢ 15X 'MAGNITUDE'/) o
RYY. T pU S8 Js1.NALUAD T ‘

169 READ(S,ZUTTINT  N&,ES e

150 7 €011 FURMAT ( 215, F8 2 )

191 LE(NT=T)w2éng . e

1%¢ 7 7 UALOADC(L,D)=e3

158 58 WRITE (6,2012) N1,Ng,ALOADC(L,1) : o

194 €012 FURMAT(2ITUs9XF10s2) ~ ~ 7

195 WKITE (6,2U13) _

196 €013 FURMAT(IHT,5X, "RESTRAINED NOUDES'/7 SX:"NODE NU,' 95X 'SENSE"/)

15¢ kK30 o
Y o PO S5Y I=TUNRNT —

159 READ (5,2074) NT¢NE,DISP o o

160 0 7T T WRITE (6.2015)NTN&DISP T

161 LE(NT=T)egdeng o
voe i ey e et

163 NR(K)=s( B V e

166 T UtLranise o

169 59 CUNT]IHUE e

1606 €016 FURMAT(ZI3 k10, 7)y —~—— —— T

16¢ €UTS PURMATL2ITU$2U,.0) e

168 READCS )20/ IRT, T 1L, 1T T )

169 WRITE(B,£0T0IMT o

17U 2017 RUKMATCIN j£F10, 34288y 7 T T

171 078 FUKMATC(//' EQUIVALENT LOAD ON BEAM =',F90,8//2

17¢ WRITECRH, 20y TL 7777 T T e e

s €019 FURMATC(//' SPAN UF BEAY ', 70, 8//7) o

176 NERTSHEN=T - S ) T

15 MblWwga U o e S



2472

1P6 . . DU 67 1=V.NEL . e SR
107 DU 61 J=1,NENT ]
irs D FLTE S - o ) -
17y PU 61 K=JJ ¢ NEN ) )
180  NBWIaENCONCI,J)=NCONC],R)
181 IF(NBWIIBLe6L, 03 o ST
T8¢ 62 NBWI=z=nBW1

183 63 JF(NHWI=NEWZ) 61461064 - - T
186 66 NBWZBNBWI

18 61 CONTINUVE - I
b6 NBWE(NBWE+T)#NND® 2™

T8¢ T MRITECO QUG NBW T T T T T T T T T T T
180 €016 FURMAT(//' BAND WIVTH = ', 12//)

T 18Y T NNgmZaNN . T
19 pu &Y 1=1,nNNé

191 TTTT89 ALUAD (LS €)FALUADCTI ) — o
e MDNA=MDN

193 T MDNNSMDN -
196 RETURN

Ay T TTTTUTTENDS T A

196

\gp o B
198

Y99 T T T UTBUBROUTINE SULVEHALF(A B, NOTNW NRTRL) o

Zou DIMENSION A(OUB, 567 BC608,17)

U1 T Mm(NW1) /2 T T T
¢oe MMM

20s T opang , —
206 DU 400 L1=1,N0

) T UUXE(NL) 40T, 60g, 409 T
€uo 4U1 ACIgM)=T,0/AC1,M)

cur T ymaMy o

Ut DU 403 LE=T,MM1

<0y N L A S SR D YR TP AN NI P AT . T
21V 4U6 ACL,yd)=ACTadIwal),m) I
€11 o RENEL T
€1¢ 4U3 CONTINUE o
€15 T 402 DU 6U% L=1.NR
£146 Bl L)=BL LIwAC), M) o
€15 TTU4US CunTINvE T _

€16 IFCI=1)4U07,607,4U6
217 T 406 DU 4U8  KsTmm1 T T
Z18 11=1=K

219 o TFCI1)409,609,610 T

£év 610 l¢mMai

¢ COIF(NL)&1T, 812,611 T T T
cée 619 J=MM S
s ) MMZEMMT =Kot i
€éh DU 413 Ld=1,MM{ S

ded FFQIe)=Make1)a12,61e 616 ’ o
e 616 I3=4e1 S

er ACITp18)=ACIT I8)=Atll  Ly=ked) ) oAl 1) /7ACY /M) 7 o
£en Jad=1
¥4 613 CONTINUE T T s mememe e e
¢Sy 614 LU P8 L=7,NR ; -
€31 BCIT L)=8 0T el =0 (b )*A L I2)/ACL MY
€3¢ &LUB CUNTINUE
€55 U9 =]~ T
56 400 LUNTINUE 4



€3>
£30
€3/
£36
2359
43
4]

e

€63

T dee

€é6d

{1

4 Y4
el
134

'+ 3V

€21

€33

T 23k

€3>

£56

garl
€28
43y
deu
-

£0635
14- 1
£6>
[4-1.]
4-24

ri-x

1434

&rv T

7

T

Y4
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407 DU 816 Isd,NO . .

617

JEMMI
DU 416 L1=1,MMT

CliElegen
IFC11)670,616,617

PU 4618 L=1,NR
BUlold=B (I L)=BClTal)*AC],Y)

618 CUNTINUE

416

J8J=1

CONTINUE
RETURN

- END

T SUBROUTINE  ASSEMBLE
COMMON /CDATA/NEL, NN, NRN NLOADG, NTYPE,NEN/NND s NBW/MON+NNS

T T YA MONA S MDNN I NREP A NC I LA RTpWT s TLIET YT
CUMMON/CEL/ELXCED57 rBELY(EOD) s ELZ (€59, EEECEDD) VYV ILDD)

68

PIMENSION 5T(k5/67

T GUMMON/CEST/NCUNCZID 40 NRIBU) ,ALUADCOUE,2) ,5RACAUB, 5060 ,UC608)

TTUONNg=ZwnNN

DU 64 [=17,nnN¢g

CALOAD(1,1)SALUADLT L)
NHBWE (NEW=1) /2

T MMBaNN

MHEWUBNHEWS

DO 101 1= 1, MM
DU 101 J=T MHBW

T 101 SKAC(,d)=0

&re

£rs

DU 100 I=1,NEL

TUABELACT)

BRELY (D)

COGEEL2CD)

17

&fe

érs
£ro
144
Ery
ery
<80
<81

' 4-Y4
£es
c8h
(43
%]
[4-74
T4-X]
4.34
4 AY
¢y
¢ve
(A

G
¢

119

o EBEE

VByVV (L)

CEREEE(])

Visy

Ev=EB/(1=Vievi)

Vs (1=Vl)aU, 8
ElmEl

COnNTINUE
FUKCE METOUD

" CALL FLMAT(ST,A.b, 4/ EVV)

RO 100 J3TeHENTTTTTT

700 1UQ LT oNEN

TMIB(NCUNCI ) =1)%NND
Mea (NCUNCT L) =1)wnND

MSm(J=T)eNND
Hem(L=T)eNND

DU 1UU M=1,NND

O MU0 N1 NND
II=Myen
JIEMHEBEW=MT*MZeNaM
11rMSem )
JirMGenN

TFCAd,UT, MHBW) GU U 1U0

SKACIT s JJ)=SKACEE W) +8TC(LT041)

e

P
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1L 100 CONTINUVE e e . - e
'12] PAARTUULUOUU, U
€96 DU 510 KKNST,MONN o
€9¢ 7 ENNIB(WNS+AXKNemMDNYEL - - o T
£98 KNNZERANT+MDNw ¢
299 T BNNSERKNNYT =T -
3Uy ANNGSEKNNE=T
591 T U KNNSa(BWE1 ) /2 T
3u¢d KNNOBBKNNDSKNNT=KNNE
503 ENN7EKANSSKNNS=KNNS o - T
SUs SKACKNNT s KNND)BSKRAVKNNT JRNND)*DAA
30> SKACKRNZ  KNNDIBSKAVKNNE /KNND)$DAR T
306 SKACKNNI  KNND)2SKAVANNS  KNAD)+DAA
307 T T SKA(RNAL KNNS)SSKACKNNG KNNSISDAA o o
308 SKACKNNZ ;KNNO)SSKAVKNNE s KNNG)=DAA
30y T BKA(KNNL KNNP)ESKAVARNNG BNN/)=DAA T )
310 310 CUNTINUE
511 ' NNNBNNENND i N -
31¢ JJ1BNHEWS

C3YS T JdgeNHBWe T T T -
314 PU 145 I=1,NRN
31 T RBNR(I) o ’ o o T
1e [E(UCK) L EQ,0,0360 TU 1642
317 7 T TTDO 142 J=1,NKNR
318 KLisemABEY S
CAE A 4 1 QLT T
LYV KL3sMHEW=Key o
3¢ o KLozMHBWsKey 7
3ée PO 142 JS=TsNLOADC

C 8¢5 T IR GT RLE) GAND AR, GT L JTTALVAD(Y  JE)BALO0AD(Y 1 J3)PSKALK  KLI)#U(K)
3de TECCI UT KDy AND, (KET,GT J))ALUAD(J J3)SALUAD(I 1J5)nSKAC) KLG)PU(K)
3¢5 142 CONTINUE AP ARRI VI FALVAURY IV TARYAVAYIY I/ RORA
3¢6 1643 CUNTINUVE
3er D0 140 =9 NN T
548 KEnR(L)D e
329 T 77T PO 141 JSTNNN
330 JIENHBUW T 4 K= L
351 T RFCIT QT ) LAND R G 6T 0 ) SKALY U0, U
3¢ 147 CONTINUE S
335 T DO 1460 JimT, 44 T _'
$54 SKA(R,J1)=U, ¥ )
385 T BKA(K,ddEdrET T - T
356 DU 140 JE=1,HLOADC o
357 TTTT U ALUADLR g2 =U(K) T A -
338 160 CUNTINUE o
559 7 TCGALL  SOLVEHALF(SKA,ALUAD/NNN;NBW/,NLOADC,%) T
S6U KETURN i
s61 T T gNp T T T
S6¢
" . e - S
364
549 SUBRUUTINE STRES®ES T
S6b CUMMON /CDATA/NEL ,UN NN, NLOADC ,NTYPE ,NEN,NND ,NBW MDN NN }
S6r ‘ TiMDNA  MDNN NREP s NCeLX KT WTpTheITed ¥ i o
568 COMMONICEL/ELACEDS ) pELY (L) EL202D5) sEEECZDD) aVYVIEHD)
Sy T T CUMMON/CEST/NCUNCZAD 40 (NRCOU) JALUADCOUS 22 1 SKALHUE, 560 (ULOUS)
3oy DIMENSTUN HNEL(SULr4) r LNND(B0G,4),NPCSUS) o
351 DIMENSIUN STUMA(LSA,5,1) o ST e

3¢ ( DINENSION B €3 48 )r D8 ¢ )y STRESS(S 42 )
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335 DIMENSIUN SINVER(SY) L
354 BU 222 11=1;HEYL
355 DO 442 Jd=1:8 ) e
355 C DU 242 KEmT.NLuaDE - I
5n¢ 222 BIGMA({ITJd 5Kau Y B
Sy X205 A FEVe ¥ , S
359 Y2y, 5 -
360 T Bl 2Us NNTEYSNELT T
281 DU 405 Jm1MEN ,
$6¢ ' Lia(d=l)snNDpeT R o
£63 LEB{NCONINNT p J =T ) 2NRDST -
i54 ’ DO 205 K=1.NKD T T
365 DU 205 L=T:NLUADD )
366 N S TR : g . ——
36¢ LéuKelde -
388 7 T YBALUAD (Kési)
569 2U5 D AY,Li=m T
-4 PlaByxinnyy T
371 BZmELY (NNT)
S7e T TpsmeyzonNnty T ' .
573 YBEYYYINNT)
ir4 U EmEEg(aNty T T
3¢5 CALL STRESSMATC(B ;XY s01,DE,;03:8,V)
ive T BY 206 il=t,s 0
377 BU 406  Jdml,nLUANE e
[ c - smg ) EETIIRLYA '
379 DO 206 KKET 4 o
S8y EBSeB (]l KRIeDIKK  4d )
541 2Ub STHESS{I],4J3=5 -
s8¢ 5O ZuF  pmt,8 T -
$85 DU 207 KBT,NLUADL R
354 EU7 SIGMACNNT L n)=STRESS (L) )
385 ZUL LUNTIHUE o -
BErT DU 1YY Imi.NLUuADL T
387 WRITE (e,243%3) N I
S8y €U33 FURMAT(IHT 1£Xs LOAD CASE 'y 13/
38y WRITE (640500 L o
39y €050 FURMAT (1HY, T6H DISPLALEMENTS//
393 TIX  "NODE NU, 10K, "A=DIRECTION' j1UA, 'Y=DJRECTIUNY/)
Sos T P T e
393 discej=1
(394 CoogZmasy o - — -
393 U0 WRITE (6,20U31) JyALUADGIY 1), ALOADCIZ,I) e
396 £03% FURMAT (l5¢8€r4,6ta,63y T
397 WRITE (6,2082)
398 €032 FURMAT(THT 44UX, "STHESS AT THE CENTHOID POINT UF THE ELEMENTEY//
39y TPEL NO Y phhy TSI0MA=K yYKsTSIGMARY T ,9%,; TSHEAR®STRESS
Lyu BT RyUHAKPH STRESEY 1 FX s TMIN,PR, ;STRESSY s 7Xs'PR,ANGLE? /)
501 DO UK K=1,.NEL L
Lu¢ Pi1s S1uMACR,T:1)%830MAL K, 2,0y T T
LU s Pém SIGMALK, T 1)e840MALK, 4,00 e
404 BIRSI(MALK; 5,1 T
4905 AT SURT(Y ¢oebguppeopiaps)
L4656 PHAX= Pley, 544 LT T e e T T e A T
4yur BMINS PI180,5A S
U6 FFUABS(RLI=U, UUUUOUT Y 2U9,200%,¢10 —  ~ T
Guy ZU9 A= 4% S -
&1y GU Tu €11 ST T
6113 €10 ARATAN(Z#PI/PLIaY0,07/5,161596¢8 o S



514
615
674
&% 5
456
£147
515
L1y
T 4Y
LY
b
L4s
et
&g
bt

R -Y44

&4

C 629

239

CE3T

&5¢
£33
656
L3S
656
L57
&35
435y
Lby

447

bay
&4 3
L44
645
LL0
&7
bG48
by
L350
451
L -T4
6535
&54
b5
b56
&3¢

&5

459
L64
467
£3-74
&6 5
464
Ly
L66
LY
464
koY
biy

211

199

280

- 285
L1

N
N

CUATIHNUE

CUNTNUE

QU WRITE(B,2056) K,S5IUMACK T1o1),SIGHMARK 25000 SIGMACK S,80,
TPMALPHIN, A / - o
€034 FUKRMAT (15, 54¢5(812,6:5X)4F7,¢)

1PxrEni+1
ipyalpreLX

ipz=lpYeLx
VLR 8-VEXR 4

ATLd=ELYCIPA)
KEZ=g Ly (iprY)

KSZSELYCIPE)
ggZz§L¥§§9&3”,mm

X15X12%0,5
KEBR1Z4XE20, 5

gﬁ&x‘},{é){é‘z*}(jggué&-
%Qz%?Z*%ézéxéiéﬁ%Z%?E%MM"MM

bo 280 1=9,L8
IVianl+]

CiVYsYReLX

IVEaiyY«LA

IYA=ivaeLx
Y1aSIGMALIYA, 2210

CYEmBIGMACIYY 2,590

VIS lGMALTIYZ,d 12

Y43 IGMA(IYA, 2,15

GALL CUBIC(XT X2eX30X4sY1sYeoYSsYhiCCC)

ys2¢]
SINTER(J)=CCC

CUNTINUE
NXY=LX=2

DU 28 I=eniy
JRCI,EW, 1)U TU £89

IPAmLXedn]

RgamaLhilPﬁjﬁuqi

IYamjpawg
40 79 <86

AosmBLA(LXI®0, 2
[Yamge X

CUNTINUE
YemSINTERCIYA)

iPAmLXeY=]

Ipyslpx=1

ipisipy-1
KI4sELX(IPAS

KELBmELXLIPY ] T
A3L=mELALLPLD

Kiexize0,5
KEaX124Xe7%U, 5

ASsXTZeRLZ9RIT w05
IYRB(LA+TI =] ) ed
iY¥rlvYXed

iVimlyyYed
YIsSINTERCIYXD
YeéuSINTERLEYY)
YOBSINTER(IY L)

CALL CUBICIXT s KLs)2sR%eYTeYE24YSs¥4s0C0 )

JELLAe =)o gaT
EINTERGJI=LLE




&77
b7d
L
&f &
675

470

&¢ ¢
575
&7
AU
&8
LB¢
&p s

-1-18

Lo

-1

L 1-7¢
by
&89
&Y U
4%

C bYe

&Y 3
4¥ 6
L95
LY 6
by ¢

AYY

499
2UU
501

1174

2U3

T 504

sU>s

111

suf
304
209
LA RY
211

21l

213

-

215

316
RN

st

319
3£U
21
2éed
2é3
Sfb
2d>
546
odf
224
odY

. @8¢d CUNTINUE

TUIYYsIYAeT

A1Z=ELACT)
ALIBELALE)

K34mELACSY

AbLBELACSL)
X1aX12#0,5

KEmXT24XL2%U, 5

S ORBEXTZeNLZR3L%US

K6BXTZOXLZPRSLOXGZIV, D

YISSINTER(<)
YEmSINTER (&)
Y3uSINTER(6)
Yeu§ INTER(S)

§INTERCTI=CCE
DU 243 13144

L CALL CUBLIGUAT /AL X2 eAGIYT Y2 Y3 Y6, CCCY ™

IYXBNCoT4 (110 %LK

IYYs[YXed
I¥Zmlyyel

TUlvasIvEet
Y128 IGMALIYR, 417

YERSIGMACIYYscot)

ﬂ YIRS TGHMALIYZ,2s1)
TTTTTTYARSIGHACIYA, 2, 1)

GALL CUBICHUXT /XX X4 VT4V Y3,Y40CCC)

T dmgupxeder T
SINTER{JI=LLC
U283 CUNTINUE T

IPAENC*Y

IPYRLIPASLY

iPZ=]lpYolX

S IPAEIPZELX
K12Z=ELY(IPX)

T OARLImELYCIPYY

R3Z=ELY(Ipd)

TONGZBELY(IPA)

A18X12%0,5

AEBRT1ZHX€2%U, 5
KoKV 2+ XLLoXSL%0 5

KXV I+ KALFRIZERGTI0 5

IYXzduwiXes

IVislvyyel

o IYAsIYZel

€035 FURMATUTHY o TSTRESS ALONG WALL=BEAM INTERFACE'//)

T Y4sSINTERCIYA)
CALL CUBICEXT/XZ0X2rX0rY1/Yeq¥3aYorCCO)

YI1eSINTER(LYX)

YEmSINTERCIYY)

YSESINTERCIYZ)

JEZuXe
SINTER(JI=CEC
SINTER(3)=0,0
SINTER(S) =00
WHITE(O,£2053)

JELE XY
BO <287 I=1.4d

WHITECO,4036) 1,8ImTERLLY 7

€036 PURMAT(IS 6%, E15,6/




530
331
284
235
236
R ]
256
o357
238
25y
X3V
2461
2b6d
5463
364

-1

360
247
548
249
25U

-3

294
BT
556
5585
556
8557
358
85Y
260
567
26¢d
-T-X
3646
S 565
566
a6/
568
-7
57U
-1
57¢
575
576
575
576

-T44
574
57¢
S50
587
Sb¢
585
S84
565
586
Y13
589

281
€os?

FYIEY]
2-71

_£039

261
- €60
£ué
243

T 4040

€061

248

CUNTINUE e . e I
WRITE(O, 4057} .

FURMAT (///' STRES3 UP WALL BUUNDAKY'//)

DU du4 181,59 e e ’ ST
JELELXeTe]

WHITECO,2036)1,SINTERCYD T
FURMAT(IS,4X k15,61

CONTINUE -
CALL INTERPU(AT /X A5 VT 1YE)YS/CLCY
WRITE(G6,203%3CC0C
FORMAT(// /IR B15,64
HEEPRO T
NAABET$MDH=MDNA

DO 260 Il=zNAAB LR

Is(dwXes=du]])

CdE{de L Xedad]])

PPCCSINTERCII (LT 00U) UR  (SINTER(II,LT,0,02)GU TO €69
G0 Yo 442 T
MDNNaMDNN=1

CUNTINUE

IF (MDNN=IDNA) 26350644246

NREP®1]
MDNAEMDNN
IF (KT,EQ,U) GO TO €45

IT2m]TeLx
CDDEELYCITI®ELY(ITZ2? e

To=ELZ(IT)

LZaTheDDepD/& —
WRITEC0,4040)22

FORMAT(IHT ¢ "SECTIOQN MODULUS =7,F13,1) - T
HRITELO , €041

FURMATL///® BUTTUM ELEMENT TI1E MUMENT 7 BOTTY

rom mom, TOP MOM,*/)
DU €B0 I=]T¥,47
S?BSIBMA(Il7f1)

JELALX
§¢BSIGMACIST,1)

T AMBmZeWT/(DDETDRLSI¢82))

€042
Tg90
AL

BMEoYTaT L /(LL%(8T=0¢))

CCMEeWTeTL/LZ2%(51+481=54)/23)

DHadTeTL/(LZe(S2%(9e=513/¢))
CHRITE(G,2042) 1AM, 6M,CHM, DM

FUKMAT (148, P16 ds3F 10, ?) ——

COUNTINUE
CUNTINUE
RETURN ]
END :

GUGRUUTINE INTERPLAT XL 83 oY1 v YdoY3:0)

BEL(YZ=YT )2 (XS5=XT1)7{Y3=Y1) e (XLe X))/ ((X2oXT)e(ASuakT)o(Aduhi))
AE(YL=Y13/ X=X )= BE(ALHXT )

CavYiepell=dex1e}dd - ) o oo mmmrmmee
RETURN

END e . - e e e




98y
39y
591
5¥¢
2y s
-1 RN
595
596
5%/
598
599
6yu
601
-2 44
6uS
6046
3]
BN-101-1
g7
1L
&uYy

610

511

S 642

673
614
615
6le
61/
6148
61y

T4

621
&6dé
6g3
begw
6>
(74
6L/
Y 4]
ody
630
651
63
[ ]
6546
655

6k
65/
638
b AY
640
647
647
668
GLn
b6
bbt
bbb/
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SUBRUUTINE CUBICUXT XL XBeNbgY oYL eYSaY&yP) ..

REREXSPXISARTeX =R O R =N e T

$SS=X4uX6XTEXL=RTPRG=KLEXL o

ALLEYS=YTa{Vd=VT1)etlAdalt )/ (Xe" X1y
,BLC EYL=YT=(YL=VT)wtRb=R1)/ (hé=X1)

DUCEX2adnAlneld=(Xau Lo X TR+ RTONT )X 3aX1)

ELCEX‘**"X1**5“‘X‘WK¢‘X7*Xd¢x1wx1)w(XQQXT)

T TUR(BCC/SSSRACL/RRRI/CECC/SSSRDLL/RKR)
. BE(AQGC=CwDLU)/RRK _ o
AB(YEaY1)/(XemX1dob e (Lo hemXT1 2T/ (HZo KT )50 {ALPuS@XIo®s) /4K

2eX%)

DEYIwA®X T aBeXT #XTmbLoXT eS| -~

- HETURN
__END

SUBRUUTINE FLMATLS A BICEE YY)

o " DIMENSION StB,8)

yayy
TTTTTUEBEES (T U=y ey )y
Hay

BEERLA LUV Y EL D

Y=y o

T ABmAep

DSE¥C/AB -

- Feuey

GBumy

TYémBep T
ReémAwA

T RUsUexg T
YUaslU+yd )

T PO 150 Imt1.7, €
150 s(x,l:=owcve¢xu;z3,u o

DU 951 18Lstse

131 §CIp00= DalX2eYUI/3,0 - -
$UTee)s SChofl)y S(2,6) BDeFuABR0, ¢S

§C3,8)35(1,¢) ) B I

T8(T53) eSS DR ANRZEY Y6 U
SC176)sS(Lor)sSC5,0),5(5,8)2D2GuABuD, &5

BT 50503,/ 0==0,598(1,13
8(156)78(3953#5(3;%)¢$(f163535(1;é)

T8 S(3.5) mLeAYEudwRU) fO, U
8C1,8) 5025304504, J)'S(éof)5¥$(1lh)
§C246)s5C0s8)EDXE=guYUY/O6,0

$Ce16)1S04y8)=20,5%8(ere) B S

ECZsd) 150462 mDuIYUNZUNZ} /6,0

et e . e . i e R < s o 5 Do i ot ¥ o o o i s Mo e st s e

PO 132 dm 1,1

PO 152 1= 1,48 L

12 SUlpddasliely ’ B e

RETURN
END

SUBRQUTINE STHESSﬁﬁT(GaKoY;&gB,C,t;V)

DIMENSION Li3,8)

PU TQ0 181,58

DO 100 J=1,8 . e e e e
U0 GUl,pd)=s0,0



666
64y
210
631
654
653
6he

E-E

tab
657
655
&5Y
BouU

TN
66¢
15

664

ool

666

- T
o686

ey
&ru

T e

674
673
674

o7

6/
6r¢
674
657y
680
681
-] ¥4

685

111
685
686

ElaE  /JA/BICT UmYey¥)

PR(4,095,0%VEV)¢E]
QE(S,0eVey=e, 0) ok

HiaVaE]
HemO, 548 /JA/B/(T, 8%Y)

GlEd 0aPeq

T AdmAGGE/e, U

GlapPud,0¢0

AlaAeGl/e,V

BeabeGe/6,V
81=8e61/6,0

R A S PR B EET PAES I T R A

GL1og)=mU,DoKT#A

G5 8)E=G(1,17)

6€146)26¢1:¢)

TG 5B Iwl U=y endey
GLY1,6)2=G(1,4)

RASFYSELISGNED)
G{l,808G(1 /62

RACFEBEEII-ET L B
G(gypermmAl (], UsX)BATEX

T GlegdrE=GlLdsT) T
G(2s6)2aRT¥ (1, 0=K)TAZHX

T G586 (205)

Gldyolmmb(e,b)

G(Ler)BGles1)
60, 8)m=6G(<y2)

G(3p1)am0,deH2wA
G(3ge)smy,dohge

T6L3,3y8G6(5,1)

Glbp6)2=G(3s4)

S G(3,5)8G(3,7)

_ FINISH

Gl3,6)mG6(3,4)

RIS YTALITETE V]

GC3,8)26(3,¢)

RETURN
_END
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APPENDIX B ¢ TINFILLED FRAME COMPUTER PROGRAM

92}
&
as!
€3]

FACILITIES:

OUTPUT:

The computer program was used to analvse 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 connectivitr is
achieved automatically.

4. Any number of infilled frames can be connected
together and frames can be left unfilled if

reguired.

3

5. Either friction or no friction connections can be
made on the infill-frame boundaries and separatii
cracking on these boundaries 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 INPUT INSTRUCTIONS:

Bﬂ

Problem number card (I2)

Column

1-2

Variable nane Desgcription

NO Problem number

Problem description card (10 I3)

1-3
4-6
7-9

NEL Number of elements
NN Number of nodes
NRN Number of restraints or

applied displacements



10-12
13-15
16-13

19-21

22~24

2527

28-30

NLOADC
NTYPE

X

Ly

INN

IEN

MDN

Number of elements in x-direction +
number of infill-frame vertical
boundaries

Number of elements in y-direction -+
P

number of infill-frame horizontal
boundaries

Set to 1

1 ot

Number of nodes in x-direction

C. Element dimensions in x-direction cards (F8.2) (LX cards)

1-8

DLX(T)

Horizontal dimensions of elewents
in order from left, Insert zero
for every infill-frame boundary
to indicate its position

D. EBlement dimensions in y-direction cards (F8.2) (LY cards)

1-8

E. Yaterial properties card (7 F6.2)

DLY(TI)

1-6

1-12

13-18
19-24

25~30

31-36
37-42

Dz

EB

ER

VR

vC

Vertical dimensions of elements

in order from bottom. Insert zero
for every infill-frame boundary

to indicate its position

Thickness of elements
Brick or wall modulus of elastic-
ity, Eb

Brick or wall Poisson's ratio vh

Ratio Em/Eb’ (Em = mortar modulus
of elasticity) (Set to 1 if

homogeneous wall)

Ratio v /v., (v_ = mortar Poisson's
w b m

ratio)(Set to 1 if homogeneous wall)
Frame modulus of elasticity

Frame Poisson's ratio
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Tumber of mortar elements per row cards (I3) (Cards = number of
rows of elements)

1=3 NER Number of mortar elements in each
horizontal row in order from
bottom (Blank card if homogeneous
wall) (Repeated with G cards if non
homogeneous wall)

Mortar element position cards (I3) (WER cards, required only if
0 < NER < number of columms of
elements

1=3 NERP Mortar element position, refererced
to the lowesgt row of elements

Number of rows of air space card (I3)

1-3 K Number of horizontal rows of air
space elements

Air space element position cards (2 I3)(K cards)

1=3 L First element of air space of row
considered

4=6 M Last element of air space of row
considered

Number of rows of beams card (I3)

1-3 K Number of horizontal rows of bean
elements

K. Beam element position cards (2 I3) (XK cards)

L.

M.

1-3 L First element of beam of row con-
sidered

4=6 M Last element of bear of row con-
gidered

Number of columns of vertical frame members card (I3)

1-3 X Number of columns of vertical
frame member elements

Vertical frame member position cards (2 I3) (K cards)

1=3 L Bottom element of vertical frame
member of column considered

4-6 M Top element of vertical frame
member of column considered



Y. Horizontal frame-infill boundary card (4 I3)

1=3 MJIX Total number of node pairs to be comnected
on horizontal joints

4-5 MSX Number of node pairs to be considered for
separation
7=9 MSIX Number of MSX node pairs with bottom node in
infill
10 =12 NFRX Whether friction connection required 1 = Ves
2 = lo

0. Horizontal boundary node pair cards (I3) (MJX cards)

1-3 NJX (I) Bottom node number of pairs to be joineéd
on horizontal joints. MSIX node pal-~s first
followed by other node pairs to be considered
for separation. Finally permanently conrected
node pairs (Frame member joints)

P. Vertical frame-infill boundary card (4 I3)

1=-3 MJY Total number of node pairs to be comnected on
vertical Jjoints

4~6 wMsY Number of node pairs to be considered for
separation
7-9 MSIY Number of MSY node pairs with left hand node

in infill

Y

i

b

ves
Yo

10-12 NFRY Whether friction connection required.

(A
i

4. Vertical boundary node pair cards (I3) (MJY cards)

1-3 WJY 1) 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 commected
node pairs (frame member joints)

R. Number of applied loads card (I3)

=3 NALOAD Number of applied loads

S. Load information cards (2 I3, F8.3) (WALOAD cards)

1=3 N1 Node number at which load is applied

456 N2 Direction of load, 1 = x-direction
y-direction

i

7-14 B3 Magnitude of load
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Restraint or applied displacements cards (2 I3, F10.7) (WRW cards)
1-3 N1 Node number at which restraint or displacement
is applied
4-6 N2 Direction of restraint or displacement,
1 = x-direction
2 = y-direction
7-15 DISP Magnitude of displacement. If restraint,

leave blank



- b4

1

&
68
4
LAY
21
ad
25
56
2
he
2f

Lo~ O P e A e

256

T O NJXCTT0)  NdY 1Y) T
1 READ (5,€060) NO

T GUMMON JCRATA/NEL NN NRN NLOADC/NTYPE,NEN,NND /NBW,MDN,NNS 7

_END

LIST LP

PRUGRAM (GEPN)
EXTENDED DATA

JNBUT 5 BCRU
QUTPUT 6 = LPU

CUSE 1sEDT

USE d=EDE

CUMPRESS INTEGER AnD LOUGJCAY

MASTER FEMSA

ToMONA,MONNsHREP,NCr LA MIX MIY MEX/MSY,  MSTX MSTY ) NFRX, NERY

COMMON/CEL/ELACSC0) s ELY(520) /ELZ(D£0) ,EEE(520),VVV(520)
CUMMON/CEST/NCONLS6U, &) /NR(Y5) ) ALUADCI5V0,€) UETI00)

£UBU FURMAT (I¢)

IF (NG.,EQ, V) GU TO ¢

" WRITE (86,2U81) NO

_ £UBY1 FURMAT (1H1,6UX,'PRUBLEM NO,2%,12//)

299 CUNTINUE

GALL SETUP

CALL ASSEMBLE ™
CALL STREYSES

T F(HREP L EQ,TIGUTURYY

6o T 1

T O§Tuk T

Enp.

SUBRQUTINE SETUP

"QUAMON JUDATA/NEL NN NRN,NLOADC  NTYPE  NEN/NND NBW, MDN,NNS

TeMONAMDUN P HKEP (WL LXsMIE e MJY s MSEX e MSY  MSTX)MSTY ' NFRX,NFRY

CUMMON/CEL/ELXCOE07ELY(OCU) yELZ(DL0) ,EEE(S2U) yVVVIDEUI

CUHMUN/CESTINCUN(S&U,é)jﬂR(?}{;ALQAD(?bUQ;é)gU(1>UU)'

TendXC110),80Y(1T0)
PIMERSION DLX(3U),WEY(2U)

READC(S,2UUTINEL NN eNRN NLOADC +NTYPE JLXs LY INN/LEN,MDN
£UUT FURMATC 1013)

bo YUOU 131, LX
READ (5.¥000) DLB(&{



10

Tue
17
1us
R'A
11V
111
11¢
113
114
119
116

YUup
guu

Yaui
YUl

U

T yee
vl

LXTHELX

FURMAT (F¥.¢) o e e

CUONTINUE
bO YUY [=1,LY

HEAD (:.9ou1>’ogv(éi“““
FURMAT (FB.4)

CUNTNUE
dJTHELX*LY

KETHEY
K29

JYTHE(KTH=1) /LK1
IXTHAKTH=LX® (1YTH=1)

PLXTRBDLXCIATH)
DLYT®DLY(IYTH)

CFF(DLXT L EQ,U,UIGUTYT

TE(DLYT.EQ,U0,0)GUTYYY

HCUNCK,, 1) 2 (LA 1) anTH=TY /LK
NCONCK,2)=NCUNLK 1/

HCUN(K ,3)ENCONCK ;20 $HON
NCON Ky &) SNCUNCKy 14 4MDN

CKkEK®T

KRTHKTH+1

JFCKTH, EQ, JTHY 7601052
607050

Je1

DLATEDLACK)

CIF(DLXT,EQ.0,0)GUTUYEL

PLXCJ)=DLXT

JaE+i o
wUT0Y 21

LABL X~
CONTINUE

JEq
LYTHaLY

S DUPLIK=ET S LYTH

1 24
¥43

Yuue

DLYTSDLY (KD

TIE(DLYT.EQ. U, UTGUTUY S

DLYCJ)=DLYT

dagel

GUTOY 23

LYSLY=]
CUNTINUE

READ(S,900€)D2.,EB,VB,ERVR,EC,VC ~~
FURMAT(?FG .2}

PO Y03 I=1,LY

DU 904 d=1.LxK

CRE(I=Y)eLXed

$Us

YUus

gus

ELXC(RI=DLX LD

ELZIK)=DZ
EEE(R)=EH
VVVIK)=VE
ELY(R)=sDLy (D)
READ (5,Y0U3) NER
PURMAT (] 352

[F (NER,EO,U) GO T 9U3
TF (LX=NER) 5UO6,¥08,9U>
DO 908 J=1,MER

READ (>,Y0Ua) NEHP



iE-14
158
T8y
“iel
161
16¢d
63

N 1

165
166
1 N Y4
G648
169
150
5%
15¢
133
156
153
156
157
158
i F-1

T 160

o1
16

165

166

162
iX-3-]
ter
168
LE-2
1ru
171
17¢
173
174
17>

YUU4 FURMAT (I3) i

U8 CUNTINUE

#0so

910
gu3

Y005

KB(1=1) e LXORERP
EEE(K)SER®ESB

YVV(KR)BYRwVEH

GO YU Y03
DU Y10 JBTsLA

RE(I=1) e LXed
EEE(K)=ERRER

VVV(K)=VRaVE
CONTINUE

CUNTINUE
READ(S5,9003)K

FURMAT(15)
JF (K.EQ.0) GO TU Y16

PO 912 1a1,K
READ(D /9000 oM

Y006 FUKMAT(SI3)

913
$1¢
g16

PO 913 Jd=L.M

EEEC(Y)BU, 00000
CUNTINUE

CUNT]INUE
READ(5,90053K

DU Y16 1ET 40
READ(5,9006) /M

PO 915 JELsMm

915

914 CONTINUE

EEEC(J)=EC

yvvd)=ve

READ(5,9000)4
POYIZI=T.k

READ(S,9000) L,
PUTUIEL Mo LK

- EEECGJ)REC

918 VVV(J)EVE

917 CUNTINUE

919
90

vYou?7

€0U>s

D& WRITE (6,2000)

25 WRITE (6,4UUT7)

READ(5,900/)MIX MSAIMSTX NFRX

PUYIPI=T o MI X
READ(H,9V03INJXCT)

READ(S, 90 IMIY  MSTIMSTY INFRY
QU ZUISTMdY

READ(S5,9002)NJY (1)~
NENZE4

NNp=¢
FURMAT(4]3)

WRITE (6,20U6)

WRITE (6,2UU9) NEL NN, NKN,NLQADC
FPURMAT(SX,'NU OF KELCTANGULAR ELEMENTS
19X, "NO OF NODRES
e X4 'NU OF RESTRAINTS
S9X,"HO UF APPLIED LUAD CASES
IF (HTYPE=T1)54,54,22 o o

GU Ty 26

56 CUNTINUE
€0UO FUKMAT (5X¢' PLANE STRESS'//)

CQUGL FURMAT(SSX, 'FINITE ELEMENT 2=D ANALYSIS'//)



_37s

i7f
g

ity

180

181

T8¢
183
T84
185
186
iK-T4
188
18y
AV

9

19¢
193
i9¢

IR

iveo
197
ive
gy
00
201
¢l

S €y3

206
Uz
£Ue
2y
U8
gy
27V

AR

e
€13
€16
'3E
€16
€z
€1
9
¢eu
¢en
¢ee

€és
£ib
£eg>
4]
(244
£du
X444
€30
€31
€3¢
£33
£db

259

€0U7 FURMAT (DX+' PLANE STRAIN'//) __ S

JF(NFPRA,EW,E)IGUTUTY
WRITE(O,40¢U)

€0¢0 PUKMAT(SX,' SHEAR GONNECTIUN ON HURIZONTAL INPIL| BOUNDARIES'/)
GUTO/ ‘

rU WRITE(O,2021) T e
€UZ7 FURMAT(5A,' NU SHEAR CUNNECTIUN ON HORIZONTAL INFILL BUUNDARJES
71 1F(NBRY.EG,2)GUTLPg —~ —~— — Tt me

WRITE(O,20£¢)

£Udg FURMAT(5X,' SHEAK GUNNECTION ON VERTJICAL INEJLL BOUNDAHIES!//)

GUTOZ3 e

f¢ WRITEC(O, 2028y  ~

€UZ3 FURMAT(SX,' NU SHEAR COUNNECTJUN ON VERTICAL INPILL BGUNDARIES'/

13 CUNTINUE

WRITE(6,4008) . -

cQUB FURMATC(/TUX, "CONNEGTIVITY "AND DIMENSIONS OF RECTANGULAR
TELEMENTS  J/9% s "EL MU s 6 (DX, "NUDE") p10Xe " X' p70Xy "Y' 1UKy
TEITY VUK VEY ST, s T AR
ERR AN A 7R ANY- Y UR Y ANT FURNANT F SRY AN

TUTTTTTTTTUNNNERZANN

bU 57 I®1,NEL

T HRITE (6,2VUY) T (ACONCT T 0BT A TELRCT ) SELYCTY G BL2ZCY) JEREC]D

evvvip)

l/)

/3

" 57 CUNTINUVE

bU ey }=1,NNN
PO 60 J=1,NLUADC

€0UY FORMAT (19 ,4(197,/X,5(F11,6)) o

UC1y=s0,0

60 ALUADC(L,y)50 ) T

CWRITE (6,2010)7 7"
€010 FURMAT CTHT,2%,'APFLIED LUAD'///)

DU 58 I=1,NLUADC
READ (D5,41VU) NALUAD

€100 FUKMAT (]3)

WRITE (6,2€00) e e

€4U0 FURMAT(/' LUAD CASE ', I8//5X,"NODE NO, ' 595X, "SENSET,
15X, 'MAGNITUDE'/) .

DO S8 J=1,NALOAD
KEAD(S,¢UTTINT 4NE, B3

TURUTY FURMAT ( 213, F8 ,2 )

LEBE(NT=T)wed*Ng

© ALOADC(L,1)SES
58 WRITE (6,2U14) NT,NE,ALUAD(L,])
€012 FURMATC(LITU,S X FT10:.5) ~ 77 77 o
WRITE (6,¢U13)

ZUT3 FURMATCTHT v 24, "RESIRAINED NODES'// 5X,"NODE NU ' ,5X,;'SENSE'/)

k=0 i L

PO SY [=1,NRN
READ (2,2014) NTN&DISP

CWRITE (6+4UT12INT NERISP
LE(RT=T)u2*Ng |
e p ] e — S

NR(K) =L, 7 ' e

UiLy=plsp

59 LUNTINUVE o i

€UT6G FURMAT(LIS6%0, 7)Y 777
£UTH FURMAT(Z2IT1VFeU,r)
NENTERNEN=Y ‘
NBWeR U



€35
236
£af
¢38
23y
£ty
241
£he
263
2bs
263

6o

1174
€48
434
€3V
231

- €ad

£23%

41

€25
€56
(474

T é38

£39

- dev

€61

r4-T N

4 3]

264

4 F]
414
14-24
14-1
£6Y
éfy
£F
€l¢
&7

£re

£fs
€76
444
€7y
vy
430

£al

474
283
dob
263
£eo
' 4-34
I£-1-]
oY
£y u
€91
é¥e
2y 3

C NBWIENCUNCE,d)=RNEORLT,K)
IF(NBWI)BZ2s6£,63 7

62

-3

64

-3

€016

-1

260

PO 6% I=1,NEL
DU 67 d=7,NENT
dJded+i

PU 61 K=JJ/NEN

NBEIsS=NBWT

IF(NBUTI=NBWE) 61,61,06
NBweBNEUWY

CUNTINUE
NEWE (NBWEHTIaNNDRZ=]

WRITE(O,Z0T6INEY

PURMATC/ /' BAND WIWTH & 'y J4//)

NNg=duNN
bu 6% [=,NN¢

ALUADKCT2)SALUADCEIT)
MDNASHON

MONNEMON
RETURy

——END

© 7 SUBROUUTINE T"ASSEMBLE
CUMMUN /CDATA/NEL NN NKN/NLUADC/NTYPE  NEN,NND/NBY,MDN,NNS

T Y eMPNAMDNN A NREP (NEr LX) MIXK MIY  MSX MSY  MSTXoMSTY NPRXGNERY
 GOUMMUN/CEL/ELA(OCUO)ELY(D2U), ELZ(D40) EEE(D2U),VYVIdEUL)
T GUMMUN/CEST/NCUNCSEU 40 ;NK(YS) ,ALVADCTS0U,¢) WETHVL)

LR o o

- 7}_“1oNdXH’I(}),nJy”'}u)

CUMMUN/CSKAR/S(eevQ?
DIMENS]ION ST(8,8)}

TDIMENSION RLOAD(T15VYY

PAA=TULOULUY, U

TNNNENNeNND

PO 20&¢ JCBTyNLOADY

C DU 2UB3 11=1,NNN

RLUAV(T1)=ALURD (1T ¢d)

REWIND 1%

- NHBWe (NBW2TI/E

KEBNHEW/NNU®Y

THMHEWENHBW=T

NNhEnNeNND

T OLMAXKE LUV

CFUKM STIFFHESS MATRIY

LEQPBaLMAX/ NHDBY
LNPBL=LEGPUB/HND
NEWPuE | NPEL

MUMBLa (NN~T)/LNPBL*T

PU 3710 Iilm7 MumMpl
DU 3186 MHEI,LMAK



£vs
€¥5
(4 4¢
144
¢y 8
424
UV

1

$0¢
SU3
306
Sy3
$U6
307
308

809

LARY
311
31¢
313
314
- -
3186
3% 7
318
319
SgV
321
3d¢
323
Sgb
LY S]
ad6é
5¢¢
LT 2]
Sdy
380
531
$5¢
335
3354
332
330
337
338
339
64U

361
Sbe
JbS
dbb
hE%)
346
b
3406
S6Y
3h0
321
3¢

31346 S(MMIEY, 0

ISTART=(J1i=T)eNEQPBENND
JCOUNT=SNEGPBRNND

FECILEQ.MUMBL) ICYUNTENNN=CLII=9) e NEQPBONND

N1Bl§TART+1
NCBISTARTSICOUNT —  —
dSTARTE(I]]= 7)"#“&‘3?&

JCOUNT=NEQKE T
FFLLLLLEQ, NUHBL)#CUUNTQNN’{III'1J*NEQPE

NN1sJSTAKT*1
NNZ=JSTART*ICOUNT

NNTENNT=NEB
NNZBNNE +NB

PU 35217 JJdmrT,NEL
KTEST=0

O 3111 L=V NEN

TFCANCUNCIII L), LToNNZ) L UR, (NLON(JJJ;L? LT NN1DDGO TO 3731

“ DO 3191 d=T,NEN

IFCINCONCIII ¢ d ) UTaNNL), UR, (NLON(JJJ!J) LT NN?)?GU TO 5171

CMIB(NCUNCIIS e d I =T)NND

Mem (NCUNCJIY P LD =T)INND

S MSu(J=1)2NND

Mbsm (L=1)eNND

T OIF(RTESTISZeyU,32€073€47

522U CONTINUE

K1

2

SYIth

CARELX(IIY)

YEVVY (JJ)
ESEER(JJY)

BEELY(JJd)

C=el2(ddd)y 7 '
CALL FLMATUST A:B,brE/V)

CKTEST=1
COUTINUE

DO 3117 N=1,nND
DO 35111 M=TINND

yJamMdeN
TF(Jd, LT NTIG0 TU 2111

JFCIY,GT, NEIGU TU 2117
Jdmdg=n149

TFC(MT+M) 6T, d)60 T0 5117
{1a3M3+m

d1EMLeN
Iipdamijaps]

IFCI], 0T NHBW)IGO TY 31119
BREBI]e(J=T)*NHRY

S(KK)=S(KRI*BTC(11,dT)
LORTINUE

LUNTINUE

PUT RESTRAINYS ———— w7
EQUAL DISPLALEM ENT§

POST ST, X
TECNJXCE) ,LE, U)GUTYSTS
KNNTBRIX(JIwg o -
KNNZ=ZENNTsMDNw g
KNKSSKANT =] C o
KNNGTKNNE =1

KNNS2 (NBWeT) /2
RNNGEKNND+RNNT~KNNE



T

S81
36
Ses

3646

362

11

Ser
568
309
37y
871
874
373
316
375
376
377

3fs8

3¢y
S80
J81
34¢
383
384
S62
386
s8r

588

38y
YU
391
3¥ ¢
395
394
392

T SY6

¥
S¥4

39y

bpu T

601

- &0¢

LA
404
605

6ye

49 ¢
4ug
L%
LARY
11

262

_ENNTEXNNDSRNNS=KNNSG

LNTB(KNNT=NT ) o NHBW®T

LNZB(RNNZ=NT JwNHBY*T

ENGB(KNNG=NT ) v NHBW?

LNSZCKNNS=NTJwNHBW?T

CLNEFNEHNHBW=KNNO
LN7ELNGsNHBWaKNN/

T IR CURNNT L GE N AN CKNNT LE NI ISTTNT Y 8§ (LNTI*DAA

TFCORNNZ GEoNT ) ANY, (KNNE, LE NE))SCLNEIIS(LNE)*DAA
FFOCKNNZ  GE,NT) ANV (KNNE  LE N2)ISULNG)SS(LNB)=DAA
IFCG) , LEMSX) ,AND ANFRX,EQ,2))GOTUST S

T TFC(RNNI, GE NT) ANV, CKNNS,LE, N2))SCLNS)BS(LNS)®DAA

FFOCRNNG GE NT) AND  (KNNG, LE N))SCLNGIESILNG)I?DAA

T LF((RNNA,GE NT) L AND  (KNNG, LE, N¢))ISCLNZ)SSCLNZI=DAR

313 CUNTNUE

PO3T6J=T,MdY

JE(NJY (), LE,U)GUTYST 4

B KNN?BNJY(J)*Q
KNNZaKnNT 42

KNN3-KANT =1
ENNGBKRANE=T

T KNNDBm(NBWe1) /2
KNNGBKNND+KNNT~KNNE

T URNNTaK NN RNNS=KNNS
ENIE(KNNT=NT ) wNHBUW?]
T U ENZB(KRNNZ=NT ) aNHBW Y
LN3= (KNNS=NT)IRNHBY®T

T LNGE(KNNLmNT ) e HBYRT

LNEBLNC+NHEW=KNND

T LNTELNGSNHBW=KNNT T
~ LFCCKNN3,GE NT) ANV, (KNN3, LE,NZ))SCLN3)=S(LNS)*DAA
T JFCCKNNG  GE L NT) JAND, CRNNG, LE,N2))SCLNG)ISSULNGI $DAA

JECCKNNG  GELNT) JANV . (KNG, LE NEIISCLNZISSCLNZI=DAA

COFF(CJ LE,MEY) ,AND  UNFRY ,EW,£))G0TUI 4
ITFCCENNT , GE,NT) ANW, (KNNT, LE N2J)SCLNTIESCLNTI*DAA
TFOCRNNZ ,GE NT) (AN (KNNG, LE,NZ)ISILNZ)SE(LNL)SDAA
TF((RANZ, G, NT) ANV (KNN{ LE Nd))b(LNb)ﬂS(LNo)HOAA

314 CUNTINUE
¢

bu 3115 KERZT ) NRN

LCHECK=(NZ=NT+1)wNRABY

T T KReNK(KKK)
RLUAD(KRI=UL{KR)

LEE=(NE=NT)oNHbW® ]
KRZSKR

77T RR1=KR
NCeKRekT <1

T OIF(KR,UT NEIGU TU 21

TFCKR=RT) 3118, 31171311/

3117 LU=(KR~NT)¥"NHEW+1
LRuL§

15

${LLY=1 0

bo 311% NJ‘d:NHBN

LewLG+d
KRI®ERT =1
JF(KRT,LE . UXLO TU 31

KLUAD (KRT) S hLUAD(Kﬁ1)"§(LL)*U(KR)

2119 §S(LC)=u0, U

DU 374V NIBT,1MHBW

19



61 ¢
613
674
415
&716
617
418
&1y
62U
641
bgd
bgd
bgb
645
646
bgr
&4y

R Y4
QJUV

631
b3d
£53%
636
635
656

637

658

- 639

&40

b6

bl

bbS5

bbb

b6

6460
bbs
668
649
&30
&2
byd
£33
L 3-1
3>
456
Y- X4
'3 71

439
t6U
461
bod
463
604

Y-

660
be/l
458
-4
LAY

T LLCELCCYNHE WS

263

KR{eKRe+1

LRI LR+ NHBW®T ]
FPCLR,GT, (LCZ+MABWIIGD TU 514U

" RLUAD(KRE)SBRLUAD(KHE) =S (LRIWU(KR)

§(LP)=U U
140 GUNTINUE
60 YU 211

3118 JF{(M1=KR), 6T . MHBWIGG TO 5115

LCCsNT=KR

" MCuaNHBW=NT1*KR
pU 3124 mMI=Y,MC

5

+1

KRS=2(LLC=1)/NHBWENR

§CLCCH=U,

27142 CUNTINUE

0

'“W“"“’WIF(KRS.GE.N1)RLDADEKR}TERLOAD(KRJ);S(LCC)‘U(KRTM

T 3115 GUNTINUE

" UHWRITE STIFFNESS MATRIXTINTU TAPE

¢

G

¢

R T
bdmNHEW

a«

LN o o

TTTTTDO 3130 N=T,JCOUNT
MRITECT) (5C1) 1811 04e)

T LTs LT eNHB

W

3130 LémLd+nHBu

3110 LONTINUE

~ GALL SULVE(NNN,NHBW/RLUAD)

PO 2084 1I®7,NNN

€084 ALUADCIL,JCI=RLUADAVI]L)

€QBZ CUNTINUE

RETURN
LU

- TSUBROUTINE SULVE(Nn MM R]
COMMON/CSKA/A(LLUOI
© 7 T DIMENSION ND(2UUJ, P50 X(25U& ALY (T)

 DIMENSJON R(NN)

NRBNN=1
NMENN=MM
NNfsNNe1
T HMYEMMe

NCu2S50U/ MM

T NWaNCwMM

7~ggg)=(~~+mgég{/ﬂC‘]

UECOMPUSITIO& UF BAND MATB}X

PO 110 J=1,.MM

110 ND(JIs(Je(deT) ) /e ™
CSET UP FIRST TRIANWULAR BLOCK In A 7777777

REWIND 1
KEWIND &




671
bid
&75
474
445
676
Ly7

L78
679
580
687
b8¢
485
oo
85
656
bps
688
68y
&9 0
691
49 ¢
44 5
LY 4
695
L9 6
69 ¢
695
L9y
SuvU
841
504
308
504
2U3
506
207
508
509
570
511
51¢
518
576
915
516
Str

218
21y
Y 41]
2¢)
>é<
223
324
2e>
o¢e
Y44
LYY
seY

LB ol > o

264

DU 150 NsT,MM
LCIBND(N) =N
LCEBLCT+HM=1
130 READ(1)(ACT) fI=LLT LG
NX®EY

NTRACK=1
NUMX=(0

DO 20U N=1,NR

“TUTRIANGLE 1S SIMULTANEOUSLY REDUCED AND SHIFTED
(_PIVOTS AND MULTIPLUERS ARE TRANSFERRED TO X

MREMINUGCMMONNT=N)

JIBNYwMMST]
NXaNX+1

PIvOT=zA(1)
ACd)=prIvar

T DO 150 JE2eMR
LeNDLJ)

150 Flydmacl)

DL 160 Jm MR

GsELd)/PIVUT
ddmddel

T XKWddsg

LanNDCd)

L1eNp(d=t)e]

CkEL=1
Limii=1

Y 3

LR o ol o

AP AN=NMIT90 191,190

_STORE NEXT COLUMN

191 READC1) (ACI), I=LC1rLEL)

190 JTF(NA=NCIZUU 20742V

" "WCIREDUCED ROWS AWKE WRITTEN UN "NBUFFY DISK TrRACKS

201 WRITE(Q)(X(LX)jEx=fiNUT“W““m“"w
NUMXBNUMA+NW

NXs(
2UU CONTIHUE

JoaNXeMM4T

XCJdI=Aa(T)
CWRITECBI(XULK) f LE=T g7

NUMXaNUMX+d

FURWARD REDUCTION

€240 NTRACK=U
REWIND &
HXmNC
PU £240 N=1,NR
MERBMINU (MM NNT=N)
[F(NK=nC) 23U 4LV e 8y
€LY TFINUMA=NWILLB1<3T1£3]
£EB NWmNUMX



230,

231
23¢

535

246

25y

256

Y74

258

93y

26V
o1
264

%68

S46
265
566
367
344

T 949

23y
231
so¢d

L3 T
959
256
25¢
258
55y
260
261
264
263
D64
265
566
s2ar
p68
J6Y
5fU
>
57¢
273
274

-4

o706

5rr

o78
N a4
980U
241
1.4
243
284
285
280
26/
oBy

265

£351

210

¢

€

35§

€40

23

- €33

READ(S) (X(LX) , LX®TeNW)

NUMXaNUMX=NW
NX&{

FRELTTTUCI I
NXBNXe1

TUCBRIN)Y

RiNIBC/XCJY)

Lisne]
L€l Te+MR=2

DU deu IELTLE
ddmldet

RUI)aR(1)=Cex(gd)
JJmaNXaMMeq

ALAST=X(dJ)
ALTC(T)=ALAST

C O IF(NX=NC)235,¢52:29¢6

READ(8) (ALTULX) ,LX®1,1)

RUNNI=R(NNI/ALAST

6T BACK SUBSTITUYION

NweNCaMM
BACKSPACE &

T T IF(NA=NCI3U0, 30T 300

301

300

BACKSPACE ¢

GO TU 1<
Nwm

© 7T 312 READ(8) (XCLXY LXE1TTNED

NWsNLemMM

NAX=NN=RRECTENC=T
PO 260 L=¢2,nNN

" NENNT=L

MREMINU(HMM, L) -

CONXENX=1

€51

€20

260

TRETURN T

FEINK)Z5T 450,250

NTHACK=NTRACA=NBUFF
BACKSPACE &

BACKSPACE &
NWsNCeMM

CREAD(E) (R(LXY LXBY I NW)
NX2N(=1

JJBNLatiM+]
Llanh+1

ksl TeMR=2 7
bU dou I=L1,L2

ddezjde
RINIBRON) =XKCJJImH (§)

END

SUBRUUTINE  STRESSES — °

COMManN /CDATA/NEL "N NKNyNLUADC,NTYPE ,NEN,NND ) NBW  MDN/NNS
TeMONA,MDEN  NRER NG/ LK HIR s MIY  MSX s MSY ) MSTX MSTY pNFERX, NERY
CUMMUN/CEL/ELXAOEO? e ELYC(DCUYJELZCDCO) JREE(SZY) VYV IDEY)
CUMMOM/CEST/NCUNCHEU &) NR(YS) JALUAD(T5UU, g2 U TV}

TeNIXCTTOU) oI Y(TTU)
DIMENSION STIGHMA(rHV,3,1)

DPIMENSION H(b:ﬁ):0§0r?):bTRESS(501)



8y
s9u
291
¥ <
293

SY46

29>

-1

ov !
oy 8
ovY

Ceyu

601

Ceve

6ys
604
6Ud

S 6l6

6Ur
o0y
6uY
&1u
611
61¢d
673

616

615

616

64/
618
619

6gu

6¢1

62l

63
6t
6g5
6ebd
- T4
6d8
T4/
6350
6351
65¢
6353
656
655

2éé

266

DIMENSJON NNEL(/:O’“);LNNU(ISU;Q)oNP§7SU) e e«

bO 242 11=1,NEL
DO g2 Jdi=1,3

DU 242 RR=T,NLUADC

SIGMACIT JdKKIBU WV

ABU 3
YEQ,3

‘po 204'N~1=17~EL
DU ¢US5 J=1,NEN

Thim(Y=1)eNNDeT

U5

LEB(KCUNCNNT pJ)=T)2NND 1T

PU 205 K=TenND
PO U5 L=1,NLUADC

KTeKe1=1
ReaKelg=1

TeALUAD (KoL)
D(RI,L)= T

DIBELX(NNT) ~
DaELY(NNT)

T DSRELZ(NNT)

VAVYY(WNT)

CEREEE(NNT)

U6

T eu?

_gué

€033

€050

€00

S €031

TpU ¢06 1is1,5

CALL STRESSMAT(BeXoY,D1,D0£,D8,E,V)

DO 406 JUs1/NLUAVL

B8y

PO £Us KK=1,4

"BESeB (Il KR)eD (KK, dd)
STRESS(I],dd)=8

DU 4u7r L=1,3
DO £07 K=2T,NLUADE

SIGMA(NNT L, K)=8STRESS (L KD
CUNTINUE

DO 199 1=1,NLUADC
WRITE (6,4U353) |

FURMATCIHT s 2X, YLOAO CASE™ ¥V, 13/)
WRITE (6,2050)

FORMAT (1HU, 16H DISPLACEMENTS//

VIX INODE KUt TUK, " K=DIRECTION! (10X, PY=DIRECTION! /D

PO 40U J=T,NN
yladej=1

Jérdw] ’
WRITE (6,2081) JoALUADCIT 1), ALOADCJZ, 1)

FORMAY (J5/2(7XiE1D,06))
WRITE (64¢VU3¢)

€05 FURMAT(THT/ZUX,"STRESS AT THE CENTROJD POINT OF THE ELEMENTS'//

2uy

210

TYEL MO ' s6h ’SIUMA’X'a?X;'SlGMAHY';VX"iSNEARfSTR§SS'!

CrXyTMAX, PR, STRESST 2/ Xs"MIN, PR, ,STRESS ' y7Xs» 'PR,ANGLE"/)
DU 2U& K=TsREL S

Ple SIGHA(K,1,[)+SIGRACK, €, 1)

bem SIGMA(R:1rI)'QIUMA‘KcCII)
P3eSIGHMACKsSs1) '
A% SQRT (U, d)*Pd*VZ'PS*FJ)
PHMAKE P1%0,5+A ~ 7

PMINZE Ple(,b=A ,w

JRCABS (P =U, 0000V T) 209,209,210

A= ‘h U UL PP PR - IR I e e e

U O 211
A=ATAN(Z*PJ/Pd)*VOoU/J.Jk?)?bdb



668
T34
650
621
6o¢
623
654
652
656

-1 74

020
- 24
6ol

E-1-%

-1-F4
663
664
603
666
66/
068
-1.34
6rv
6r1
or¢
673
6re

-T2 R

6ré

-4

ors
6Py
68U
681
-1-74
o83
686
68
686
1-74
-2-T-]
- 6BY
6y
6§91
6v¢

eys
LA A

649>
6y
6y 7
oYY
b¥Y

42T
701

roé
ros
r96
rus
rve

€11

€034
1Yy

T PU236JJI=1 ,NCOUNT

267

CONTINUE

TPMAX PMIN, A o
FURMAT (157 3K/59CE12,6¢3X)sFF ¢)
CUNTINUE

puUE3VIsT NN T
129

€U6 WRITE(0,£086) K,SIUMACK,T1¢1),SIGMACK  201)r SIUMACK 3,10

S DULSII=T S NEL

POZSTK=7 ,NEN

TIF(NGONCY  R)  NE, TTMUTULTY
MNEL(I,L)=y

CRNNUCT L)

NPCI)RL

TLELe

CONTINUE

CONTINUVE
PUES2II=TI, NN

PUC3LYu=1,3

SIGMACII Jds1)80,0
PUZSSI=T,NN T
NCOUNT=NPL])

MNTaNNELCT pddd)

CNNZBRLNNOCT s ddd) T

235

T DemELY(NNTY T

CCALL STRESSMATI(B XeYD14D2,D3/EVV)T

236

€37
ash
£33

LAY 4!

Yude
234

X220,y

Y20V

IFCINNE,EQ 2),UR, (1N, EQ, 3))%=1,0

CIF((NNE . EQ,3) ,UR.(NNE,EQ,4))Y=1.¢

PUL3dI=T o NEN

TRIEC(JeT)eNNDET T

LB (NCUNCNNT ) =1) *NND#

PULA>KsT  NND
Klaske[1=1

KemKe|gn
TEALUAD(KZ,1)

PCKT,12=T
BIEELXC(NNT)

D3BELZ(NNT)

VEYVY (HNT)
ESEEE(NNT)

pUgs011=1,3

$20,U
PO236KK=T,8

SESeB (IT,KRJeD(KK, 7)™
BTHRESS(II,1)88

pUCSIL=T, 3

SIOMACL L T1)BSTRES2 (LTI /NCOUNTSSTIGMACT L YD)

CUONTINUE
GUNTINUE

WRITE(0,904%) 77

FPURMATC(THT ¢2UX"STRESS AT THE NODAL POINTS OF ELEMENTS'//

TEX P HODE WU, " 5K ' ATGMA=X" y11Xo 'SEUMA=Y' ;11X ' SHEAR=STRESS /)

PUgIan=1nN

WRITE(O,Y0EL) K STGMACKIT 1) rSIGMACK 40 1) s 516GMALK,; 3,9

FURMATCID X)) 3CETS540,3R))
CUNTIRNUE
NREP=RQ



rys O HRITE(G,£4060) .
7y8 €040 FURMAT(IH1,* STHRE®SES ON JOINED NUDES®///' HURJZONTAL JUINTS'//
vy 1" NODE NO,  SIGMAeyt/y I
AT pUZ6UI=T ,MSX
1 NSA=NJX(]) B o
f1¢ T IF(NSA,LE,VU)GUTOCY
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