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Calculation of Stress in Knee Joints of Rigid Steel Frames of Thin
Walled Section and Its Application

Le calcul des contraintes dans l’assemblage d’angle de portiques en acier & noeuds
rigides et parois minces et son application

Spannungsberechnung der dimnwandigen, steifknotigen Rahmenecke und deren

Anwendung
TOSHIE OKUMURA NARUO ISHIZAWA
Professor of University of Tokyo, Technical Division, Miyaji Iron
Tokyo, Japan Works Co., Ltd., Tokyo, Japan
Introduction

Rigid frame construction is employed in many of crossroads in cities, and
its dynamic properties are now required to be reexamined. From our past
experiences, it is known that the knee joints are in most cases weak points in
rigid frame construction. Efforts have been made to pursue the properties of
knee joints in designing based on the theory of elastic design, and recently
the rigid frame construction has been taken up as an example in which the
theory of plastic design can effectively be applied. All these have brought
knee joints under examination from new angles. Kssential property required
of knee joints of rigid frame construction is, in general, the property to correctly
transfer bending moment from beam to column, which causes a large shearing
stress in the knee joints. Particularly, the web of straight knee joints with
thin walled box section is subjected to shearing collapse due to this large
shearing stress. Therefore, it will be required to have thorough understanding
of such shearing stress and to devise a means to reduce it. Concerning this
matter, there have been published some reports on utilization of wide flange
steel for columns and beams having I-section. The present authors have con-
firmed from their actual survey of shearing stress distribution in knee joints
of rigid frame construction having box section that it is almost a parabolic
distribution, and suggested that the calculation made on the assumption that
it is a uniform distribution should be corrected.
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In straight knee joints, the stress from the inside flange of a column acts
on the inside flange of beam as concentrated load, which causes shear lag, and
this shear lag produces stress concentration on flange near the beam web. Due
consideration must be paid to the stress distribution determined by the
dimensions of the section. Reports so far published are, in many cases, on the
study of wide flange steel for columns and beams having I-section. The trouble
is that the stress is concentrated on the part of flange or web near the line of
intersection of inside corners of column and beam, and that when the section
formed by welding is used, the point of stress concentration coincides the
point of intersection of welded joint. This may affect the ultimate strength
of welded composite section under some conditions. From the viewpoint of
welding, box section must be considered to be somewhat different so far as
the ultimate strength is concerned.

In this report, the authors explain about the calculation of stress due to
shear lag in straight knee joint flanges with box section and the diagrams used
in estimating the stress, and mention the application of this theory to other
types which differ somewhat from the type described.

Cylindrical columns have come to be more used in recent days in view of
the advantages of cylindrical construction. Such problems as shearing stress
in cylinders at knee joints and shear lag in beam flanges are no exception to
this type. With reference to shearing stress in cylinder at knee joints, a system,
in which beam web is inserted into cylinder, has been developed and its advan-
tages have been examined in comparison with the simple system to butt beam
web to cylinder. Simplified way of thinking has been presented so that the
theory on straight knee joint flanges with box section might be applied to the
stress in beam flange at knee joint of cylindrical construction.

A circular arc haunch type has been adopted in knee joints of rigid frame
construction for railway bridge piers which are subjected to repeated load.
Shearing stress in knee joints is generally lessened in this type as compared
with other types. The flange force from column to beam is distributed within
the range that the arc projection covers the beam axis, on account of which
the effect of shear lag on the straight flange is relatively small. In this type,
however, the warping of web and arc flange at knee joint is large, which causes
fairly high stress concentration in the proximity of the web of arc flange. This
report treats of the calculation of stress in arc flange at arc knee joint with
box section and provides the results of the experiments.

1. Straight Knee Joint

This type is in the most popular use. In most cases, square steel is fixedly
arranged on the line of intersection of the inside flanges of a column and beam.
This arrangement is made to cope with problems related to a possible lowering
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of yield strength incident to a steel plate subjected to stress in the direction of
its thickness and the rigidity of the flanges on the line of intersection and to
look for the effect of stress in column flanges distributed in and acting on
beam webs.

The Tokyo Expressway Corporation adopts the design method proposed
by the present author for the calculation of knee joints. This method is a
revised version of L. S. Beedle’s theory with respect to shearing stress in
webs at knee joints. As regards stress in flanges, due regard is paid to the
stress due to shear lag. It is expressly indicated that the stress due to shear
lag in flanges can be obtained by model calculation and diagrams used for
estimating the stress due to shear lag are presented with the aim of simplifying
the calculation.

1.1. Shearing Stress in Webs

Prof. Beedle has published the valuable results of his study‘on the design
of knee joints of rigid frames. He sets forth the advantages of designing knee
joints in straight form on the following assumptions:

a) Shearing stress is distributed uniformly in webs.

b) The theory of the maximum shearing stress is observed with respect to
yield condition for safety’s sake. Therefore, 7, =0,/2.

¢) Only shearing stress acts on webs, while only normal stress on flanges.
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According to these assumptions, when members are subjected to loads as
shown in Fig. 1, normal stresses in the flanges DC and 4 B of the beam and
the flanges BC' and A D of the column attenuate linearly and differences in
normal stress are transmitted to their respective webs as shearing stress.

This way facilitates calculation of stress. It is also applicable to straight
knee joints of box section.

Let M and N be bending moment and axial force. By referring to Fig. 2,
the flange force F' can be written in the form

M N M N M N M N
B =23 F, =_1+_,i, E,=-2_-2 F, =242 1
w=g ~2 fa=g ity fe=gro fe=gits O
A
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Fig. 2.
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Let @ be shearing force, and the shearing stress = can be written in the form

B _ -0, Fo Fis— @

= s == = = ——— . = = 2
To1 2d2t2’ Ti1 detz To1» To2 2d1t27 Ti2 2d1t2 To2» (2)

By referring to Fig. 1, the bending moment at which the webs are caused
to yield by shearing stress may be obtained in the form

_ tydydyo, 1
Mh(T) — 2 1__d1+d2 . (3a)
2L

The bending moment at which the flanges are caused to yield by normal

stress is defined as
My =—754—, (3b)
1
AL
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where S and A denote the modulus of section and sectional area of the member
which is smaller in web height, respectively, and d is the web height of the
other member.

Let =, be allowable shearing unit stress in Eq. (2) for 7.

S

Tor = Ti1 >

Toz = Tyg = Tq-

And 7, is assumed to be related to allowable tensile unit stress o, in the form
7, = 0.450,. (4)

The ratio of allowable shearing unit stress to allowable tensile unit stress is
estimated at a lower value than that in other parts of bridges in due considera-
tion of the difference between the shearing stress distributed in knee joints
assumed in Eq. (2) and that actually observed. It is assumed in Eq. (2) that
shearing stress is distributed uniformly in the webs at a knee joint, while,
according to the results of actual observations, shearing stress has a somewhat
larger value at the middle of the knee joint and near the point of intersection
of the inner flanges. In other words, it is disributed approximately in parabolic
form rather than uniformly. When the relation between a load and a change
in the interval between load points is viewed from the results of experiments,
the condition of initial yield is more definitely expressed by the theory in
support of the parabolic distribution of shearing stress. By applying 7,,/7 4 =
0.9 (where 7,,,, is the maximum value of the shearing stress assumed to be
distributed in parabolic form and ,, is the value of the shearing stress assumed
to be distributed uniformly in an ordinary section) to the yield condition
7=0.50, based on the theory of the maximum shearing stress, ,=0.450, was
proposed for the calculation in which shearing stress is assumed to be distrib-
uted uniformly.

Webs tend to become thicker according to this method of calculation than
according to conventional methods of calculation. This means a less tendency
to stress concentration in flanges due to shear lag. That is to say, welded
flanges and webs intersect at one point in three directions in a straight knee
joint of box section and the maximum stress is exerted on this point of inter-
section. In this type, about 1.5 to 3 stress concentration brought about at
this point leaves a defect coupled with the quality of welded joints. This knee
joint is subject to repeated alternate stress under vehicle and earthquake loads.
As the mean stress in this type of knee joint has been allowed to come down
to the proximity of the yield point of steel under designed earthquake load,
it is subject to high stress low cycle fatigue according to the degree of stress
concentration coupled with residual stress due to welding. This is why stress
concentration at this part is desired to be reduced to a minimum in some way
or other.
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1.2. Calculation of Shear Lag Arising in Flanges at Knee Joints and Diagrams
Used for Estimating Stress Due to Shear Lag

The problem taken up in designing thin walled section is the phenomenon
of shear lag arising in flanges and webs near concentrated load. The pheno-
menon of shear lag is caused by inner constraint when there is a difference in
shearing strain between adjoining sections in the longitudinal direction of
flanges. As the stress due to shear lag generally has the same sign as the stress
due to bending moment, it comes into question at that part of a member which is
subjected to the maximum bending moment. It should be corrected to bending
stress to which the law pertaining to the retention of plane can be applied.

Shear lag is analyzed on the following assumptions:

1. Beams have uniform sectional form and are made of a uniform and iso-
tropical elastic body.

2. The flanges are joined to the web at right angle to each other.

3. Bernoulli-Euler’s assumption holds good in the web plate and the flanges
are the plates on which shearing force and normal stress act along the
boundary. ,

4. Strain remains unchanged at that part where the flanges and the web are
welded together on the ground of continuity.

This is shown in terms of boundary condition in Fig. 3. This condition is
used for solving the Airy’s stress function ¢.

gy =0 l
! _
-t t,
1 10 v=0 S
x 1
! o |
i
___________________________ i
- |, ] dl dv
- Fig. 3.
da ]

From the fact that the strain in the web plate is equal to that in the flanges

at y=>0" in Fig. 3,
0? 0%
op = (0,—v0,)py = (g—y;f——z/%‘;é)ydy. (5)

The effective width of the flanges is defined as

’
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The modulus of section S can be written in the form

C124,4,+44, (4, +4) + 45 d'

S SA,+ A, 3
or g = 124, 4,+44,(4,+4,)+ 45 d'
24,+4, 3’

where A4, : sectional area of web plate,
2d’: height of web plate,
A;: effective sectional area of upper flange,
A,: effective sectional area of lower flange.

Hence

o2 2
M:awsz(a—i’é— ?—f) s.

oy Vear), y

This represents the fourth boundary condition.
By putting
M =acos({z+n)

we obtain

¢ = (Acoshl{y+ Bsinh{y+ Clycosh{y+D{ysinh{y)cos({x+7).

111

(8)

(10)

(11)

By inserting this in the boundary condition, the effective width &’ is defined

as
_cosh {b'sinh {b"+ (b’

i 2 { cosh2 (b’

in box section.
Developing the moment acting on the beam into the Fourier series

< . nm
M =3 @, Sin—- .
n=1

The stress caused by bending is defined as

a, . nmw
" sin—x.
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When shear lag is taken into account
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Therefore, the stress oy due to shear lag can be written in the form

=011 . na
GSZ;I(E—S)(Z”SIHTCC.

(12)

(14)
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The part at which shear lag comes into question in the rigid frame con-
struction is a knee joint. Great shearing force is exerted on the knee joint
through which the moment in the column is transmitted to the beam, resulting
in shearing deformation and high stress due to shear lag in the section of the
knee joint. Moreover, the maximum moment acts on the knee joint, making
it necessary to give consideration to the stress due to shear lag.

Let us calculate moment distribution by regarding the variation of shearing
force as the concentrated load W applied to the middle of a simple beam.

Developing the moment exerted on the middle of the simple beam into
Fourier series
na

l

o0
M= 3 a,sin—x.
n=1

Putting z=1/2 in the above equation '

M=3—W—7—ZZ L m=1357..). a7

n2’

Hence, the stress due to shear lag in this case is written in the form

2]

2Wl1 1 1\ 1
08:72(—67;——_);’;2_’ (n=1,3,5,7,...). (18)

cally S

Assume that the upper and lower flanges have the same section and let ¢,
be the thickness of the flanges, and we can derive from Eq. (7) and (8)

dl
S = 4b’t1d’+—§—Aw. (19)
Hence (_S:'l— - é) = ! a - ! d’
n 4b,tyd'+5 4, 4b'4d'+54, (20)
by
3 Ry 1-%
- ! b; ’
A,d 1+ By "% Ry
where Ry = 64, (21)
Ay
and A; is the sectional area of each of the upper and lower flanges. Hence
o 1_0bn
o = 2WZZ 3 Ry v 1
S 772 n=1Awd' 1+RS 1+-RS%%L nz
) LB
Wb’ 6 | Rg !
= -2 il 22)
A,d Z 20" 1 by n? (
w® a1 ™ + By 1+ Ry "
bW b W
w4, >=34,%
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b/
2o} 1___£
6 I R 1
where Sy = | ——, (m=1,3,5"7,...). (23)
S nzlﬂ‘zb ]‘+RS 1+RSb1,z ’I?,Z
In box section _
by _ cosh {b'sinh {b"+ b (24)
b 2¢b cosh2lb’” °
where (b = nw%—. (25)

Therefore, if the value of » is taken far enough, the value of Sg can be cal-
culated accurately. Sg is the function of R, bi and % Assuming i,l7= 10, the
value of Sy is calculated with respect to all possible values of R =%£f as

shown in Fig. 4. It has been confirmed that, if §> 4, Sg is little related to bi

0.50——— -

0.45 [

\
0.40 \
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0.30

088 ——— — Fig. 4.
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Assuming that the web plate of the column transmits no moment and the
axial force is only born by the flanges, the inside flange force F,, of the column
can be defined as

-2, 72
Fi2 - dz + 9 :
The variation of shearing force in the section 4 D is defined as

W = E,.
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If an arbitrary box section is given, we can calculate

— 611f

Ry i

and find out the value of Sg to Rg by referring to Fig. 4. Therefore, oy can be
calculated easily from

o :Ebf@ss, (26)

The maximum stress in the flanges can be calculated from the bending
stress o and the stress due to axial force oy on the assumption that the beam
is subjected to pure bending moment.

Omax = 0-B"l_O'N'*_O';S' (27)

1.3. Results of Experiments

The results of experiments with this type are illustrated as follows.

Fig. 6 shows shearing stress in the webs at the knee joint and Fig. 7 and 8
show axial stress in the flanges.

The results of these experiments indicate that the values obtained by the
above-mentioned calculations are very close to the measured values.

An M — 474 curve is shown in Fig. 9. 44 is the amount of a change in load
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point interval. According to this diagram, the yield condition is satisfied by
the bending moment M, derived from r,=0.450, in the knee joint, giving
no play to the total plastic moment M, . _

That is to say, the yield condition is satisfied by the shearing force in this
type of knee joint, resulting in a possible lowering of the total plastic moment
in the column or beam. Therefore, it is necessary to pay careful attention to
the thickness of the web at the knee joint.

Great stress concentration is brought about in the proximity of the inner
point in the knee joint. This makes it necessary to keep the welded joining
part transmissible of the total strength of the plate.

As the stress concentration due to shear lag is reduced by increasing the
web at the knee joint in thickness, any consideration given to shearing force
in the knee joint will also have an effect on the stress concentration in the
proximity of the inner point.

1.4. Application to Other Types

A straight haunch type knee joint is seen when an increase in the height
of a web is limited to the proximity of the knee joint to cope with great
bending moment exerted on it. It is also applied to the middle column in a
multi-span rigid frame to which beams are joined at somewhat different
heights from each other (Fig. 10).
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In this type, stress concentration at the starting or end point of the straight
haunch comes into question. The stress at this point is presumed to be affected
considerably by the haunch angle, the radius of curvature R of a flange and
the use of a diaphragm at the starting point or end point of the haunch.

It is of great importance for designers to give a detailed experimental
examination to these factors. So far as the present author knows, the results
of experiments on the straight haunch type knee joint in members of box
section have not been published.

Shearing stress in webs of this type is treated in the same way as that in
straight rectangular type knee joints.

K, £, F,, and F,, are the same as given in Eq. (1). From Fig. 11

@y =Ny, @ = N,—F, tan6. (28)
E F.—
2la 2la (29)
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A
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The axial stress in flanges of this type can be calculated in the same way
as that in the above-mentioned straight rectangular type.

Suppose that the forces acting on the points ¢ and s in Fig. 11(a) are
arranged as shown in Fig. 11 (b) and the resultant forces are concentrated in
the sections 4 and (. According to this figure,

F,=F,—F, tan0, Fy = Fgtand. (30)

Stress due to shear lag in the sections A, B and C are defined respectively as
_b K _b F, _b s

G P R i P Rl

where S;, S, and S, can be found from the above-mentioned estimated dia-

Dimensions of specimen (mm)
820 384
111 5 _
<
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3 3

v : Axial stress in the flange  TFig. 12.

(b) e : Shearing stress in the web
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grams used for estimating the stress due to shear lag with respect to Rg of the
respective sections.

In this case, the section C in which the starting point of the haunch lies is
provided with a diaphragm.

The results of experiments in this type are illustrated in Fig. 12, 13 and 14.
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According to these figures, shearing stress in the knee joint decreases and
shearing stress in the part in which the starting point of the haunch lies
increases with an increase in haunch angle. The calculated values of shearing
stress in the knee joint come nearly in coincidence with the measured values.
With an increase in haunch angle, the maximum axial stress in the flanges
increases in the section in which the starting point of the haunch lies but
decreases in the section in which the end point of the haunch lies. The calculated
values of the maximum axial stress in the flanges are a little smaller than the
measured values, while they show practically the same tendency with regard to
variation with a change in haunch angle. As the specimens used in this experi-
ment are devised to show a difference caused by the presence of a diaphragm
in the section C, the diaphragm is designed to be removably attached to the
section (' with bolts. Judging from the fact that sizable deformation was found
in the section C even when a diaphragm was attached to the section in this
experiment, the large measured values in the section where the starting point
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of the haunch with large haunch angel lies may be attributed mainly to how
fightly the diaphragm is bolted.

An M —A4d curve is shown in Fig. 15. According to this figure, these initial
yields arise, for the most part, at M, ), indicating that careful attention must
be paid to the thickness of webs at this point in a knee joint as in the case of
the straight rectangular type. A fairly large value of M, ., can be expected
by enlarging the haunch angle. The local shearing stress at the starting point
of the haunch has a less effect on M, ,, and 4d than the shearing stress
in the whole knee joint.

The application of this theory to straight flanges at an arc knee joint will
be described hereinafter. (The calculation of stress in circular arc flanges at
circular arc knee joints will be described in Chapter 3.)

Assuming that flange force is uniformly distributed in the arc part, the
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distributed load F;/R; acts in the normal direction of the flange as shown in

Fig. 16 (b). Let the rigid frame be substituted by a beam, and the force down

F; 40sin 6 will act on 42 as shown in Fig. 16 (a), placing the beam under the
F;46sin6 _ F;

distributed load s == within d<xz=<d+ R;.

Fig. 16.
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Expanding the moment acting on the beam into Fourier series

[¢ o}

4l2 R. . R, .
M=z ——sm{ ( 2’)}sm an *sin (£, x), (32)
where Cn = ? (33)
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Fig. 18.

800

800

Let us find out the stress due to shear lag according to the method described
in Section 1—2. When the distributed load F/R; is applied in the middle of
the span of a simple beam over the length of R;, the bending moment in the
middle of the span can be written in the form

. nnR;
2FI 1 833
M == Zﬁfmf’ n=1,35...), (34)
"= 21
1 0n
(L_l)_ 3 Ry g
© 1-— 4 sianRz
1 1 E b 6 I R 1 21 b F.
M = = = o 17 S = == ’LS 3
s (Sn S) 4, Z 7 b 1+ Rg | ”Rsnz nehi " d A4,

21 (35)
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i 1~ 0n sin "7
6 | Ry Ty 1 21
Where Z_'_‘Z_b" RS 1 b;ZR EW’ (n—_—1,3:5’--.)- (36)
- ty s T e

Therefore, the estimated diagram shown in Fig. 17 (b) can be obtained for
shear lag in the straight flange at the arc knee joint. In this diagram, the
curve for R;/l=0 is identical with the one shown in Fig. 4. The result of
measurement of the straight flange of this type used in the experiment is shown
in Fig. 19. The calculated values are fairly close to the measured values.
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Fig. 19.

2. Knee Joint in Which a Cylinder is Used as a Column

The type in which a cylinder is used as a column has been adopted in
various places. The use of a cylinder as a column is attributed to its fine
appearance, its excellence in local buckling and torsional resistance featuring
the cylindrical construction and its section characteristics free from direc-

tionality.
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Fig. 20. . Fig. 21.
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This type of knee joint has two varieties, one having the beam web butted
to the cylinder and the other having the beam web interlocked with the
cylinder (Fig. 20 and 21). Although the one having the beam web interlocked
with the cylinder is complicated and hard to manufacture, the cylinder at the
knee joint can be reduced in thickness to some extent because the thickness
of the interlocked web can be taken into consideration in calculating shearing
stress at the knee joint. _

Shear lag must be taken into consideration in calculating the bending stress
of the beam as in the case of the straight type, while the circumferential stress
at the point on which beam flange force acts and the stress of a diaphragm
must be taken into account in calculating the stress of the column.

Shearing Stress of Cylinder

The case in which the web of a beam is simply butted to the side of a
cylindrical column:

Shearing stress at the knee joint can be written by referring to Fig. 22 in
the form

Fi—Q V y\* Fii—Q,
= i 1Y — fu— W
1 WRtp (R) ? T1maz AC’ = ‘a» (37)
7, =050, (38)
M N,
where F, = i + 3t
7, = shearing stress,
7, = allowable shearing unit stress,

A = sectional area of cylinder.

A diaphragm is provided on the section of the column to which the beam
flange is butted.

The case in which the web of a beam is interlocked with a cylinder:

When an opening is provided in the position shown in Fig. 23, the statically
determinate shear flow function «, is defined as

kg = B%,sing, (p=0~0a),
ko = R%t,sinp+1dit,, (p=a~(m—0a)), (39)
ko = R%t,sing, (p = (m—a) ~m)
in the cylinder, and
1 d
w=3t (1=0~F) (40)

in the interlocked web.
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The statically indeterminate shear flow function S’ attributable to closed

section is defined as
fﬁdu fﬁ Ko du _o, (41)

2
ff""d“ - —f (R2t sing + - dztz)Rdcp+2f%t2dy
0

0] &

t
(42)
d3
= 2R3cosoc+82 di R (m— 2oc)+
1)
[d R d,
j;——“ = Z(m—20)+2. (43)
D 2
From Kqs. (41), (42) and (43)
, (24+1cos?a)t,+ 3 (m—2a)t,cO8a
—_ — 2 D 4
B = = B=ig o8 % (m—20)ty+ 21, cOSa (44)
at p=o ~ (7 —a).
The shear flow function is given in the form
k=ry+ 8. (45)

The shearing stress in the knee joint can be written by referring to Fig. 25
in the form
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Fir—@s P hel '
It, o 2 It =

Ty = (46)
where I, : geometrical moment of inertia with respect to the z-axis of the
cylinder having the interlocked web,
7,: shearing stress of the cylinder,
7o: shearing stress of the interlocked web.

X

.
I Yo

Cylinder

]
///Ti
\

y
\jﬂ—\/ Interlocked web Fig. 25.

The shearing stress of the cylinder reaches its maximum value at ¢ =« or
¢ =m/2 as written in the form

Tmax = Ell @2 R?sin a, (p =0,
; (47)
~Fi1m@s oy d2t s’ ==
Tmax = I t, t5dats+ Y=73)

The shearing stress of the interlocking web reaches its maximum value at
¢ =m/2 as written in the form

T . ELI Q2Sl

maxr ~ I tz (48)

Allowable shearing unit stress has been determined in accordance with the
theory of the maximum shearing stress. As the maximum value obtained by
measurement is practically the same as that obtained by calculation according
to the result of an experiment made with this type as described later, this type
differs from the straight rectangular type knee joints in that there is no
necessity for estimating the allowable shearing unit stress still lower.

Flange Stress of Beam

The stress of beam flanges is calculated in the same way as described above
by supposing a knee joint consisting of a column of box section in which
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interlocking depth is regarded as the height of the web and the sum of the
thickness of an interlocked web and that of a cylinder is regarded as the thick-
ness of the web. The stress of beam flanges in the type in which the beam is
not interlocked with the column can be calculated in the same way as mentioned
above.

oMy Noo My N, b By
1= q T 4 1= g ) S1 = 5 15
S, A4, S, 4, dy Ay
Omo1 = Oo1 1+ 051> Omi1 = 031+ 0g1-

Since the value of F,, increases rapidly with an increase in the value of «
by this method of calculation, it may be suggested to substitute the distance
between cengroids in the circular arc for the interlocking depth as d, as shown
in Fig. 26 (b).

T
| i - K
1 : - J_
| H L
i T m ;
= | &_79
> =
dz | For .
°
R (b)
i y~ Fin
.
Fig. 26.
(a)

However, in the case of «=50°, the value of the maximum stress of the
flanges calculated by d, is closer to the measured value than that calculated
by dj, the value calculated by dj being smaller than the measured value. The
practical value of « is found to range from 45° to 55° according to the sectional
dimensions of beams and the detailed design of joints. Within this range, the
value of F,, will not increase rapidly.

Circumferential Stress of the Cylinder and the Stress of the Diaphragm

The cylindrical column of this type must be examined carefully.

When diaphragms are provided on the section of a cylinder to which beam
flanges are butted, it has been confirmed that the measured value of the axial
stress of the cylindrical column is close to the calculated value based on the
conventional beam theory. It is proposed to prove circumferential stress in
the following way in providing the section of a cylinder with diaphragms.
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Fig. 27.

The load which is put on a cylindrical column is assumed to be distributed
in the form of quadratic parabola over the width of beam flanges as shown
in Fig. 27.

9a

q=4c¢ b,zx- (49)

The resultant force F;; of the load can be written in the form

1_2fqu_2b (qc+q") (50)

It is assumed that F}, is balanced by the shear flow §, in the section of
the cylinder.

S

(51)

q’nR

where R is the radius of the cylinder extendlng to the center line of the thick-
ness of its wall.

Let T, and M, be statically indeterminate axial force and bending moment
as shown in Fig. 27. We obtain,
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when 0 < ¢ < «

FE, . . 94 .
T, = Tycosp— 2"“7:(;9s1ncp+qc.lifs1n2<;o-i-ﬁ—zli"’smgo, (52)

F.R R
M,=My+T, R (1—cosg)— ’; (l—cost—ﬁ(psmqo)

4 R s q ’ 3 .
—R(R _5) 9c s1n2<p—3b‘%zR3 (R _ZR) sinep,

F

Q, = Tysing— 9.

(singp — @ cosp) — g Rsing cosp — %‘Z,ZR3 sinpcosp, (54)

3
Whenoc_S_cpéw

Fiy F .
5
oy sing, (55)

T, =T,cosp— 5

@

q)Sin(p-}—

M, =‘M0+%R'(l—COS(p)—E;R(I—OOSQD——;iR(pSingD)
’ [ _b’ Qd ’ P 3 ’
—qob (R sin ¢ E) —§b (R Sln(p-—zb) (56)

’

= MO—I—Y},R'(l—COSgp)—E;R(l—cos¢—2Rsin<p)

F.R . b’ 2
— =5 —sing+-- (290 +4a),
Q, = Tysingp— 2:(811199—(,0 COSq))—T“ cos . (57)

Rewriting 7,,, M, and @, in terms of k= F,*)/F;; and A= R|R’,

when 0 S ¢ £ «

Fil P . k s o ].—IG
T, = Tycosp—3t(Lsing —sin’y —

sin4 (p) , (58)

, B[22 .
M,=M,+R [’l},(l—comp)-— 21{—77—_—(1—008(;))—%&1’1(;)
p) (59)
+———~k(1——2_)sin2 +(l_k)(l_%)‘) sin4 '
sin « ¢ sind & (PJ ’

. FL(1 . k. -
Q, =Tysing— 2‘1{;(smcp—cpcos<p)+éi-n-&sm<pcosq>+

D sin®g cos qp} , (60)

AP | Fa
*) Fo=2gcb’ and k= —2¢__ =71 f"Sl=2"’1_”“inFig.27(a) and 28 (a).
qc_‘_@. Oi1 20@1
3
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when « < o=

T, =ﬂ,cos<p—£2i-1(%—l)sinqa, (61)

M, = M0+R'[7}, (1 —cosg) —%{?ﬂ—)\(l —COoS @) —zsincp—i—sincp—)\(g;k)sina}] )
(62)

Q, = %Sin(p—-%-—{ (sin @ — @ cos p) + cos (p} (63)

Assuming that M, T, and @, have plus signs in the direction shown in
Fig. 27 (b) and (c), the total energy V of the curved beam can be written in
the form

ki

Mz TR M,T, Q
= o 2 olo ) 'do. 4
4 ((2EeR’ Y3 A BT A ER +2AdG)R de (64)

0
From Castigliano’s theorem in which it is conditioned that the point A4
will neither rotate nor be displaced in the z-direction
ov
9 M,
ov
T,

=0, (65)

= 0. (66)
From Eq. (65)

ov _ (| M, oM, T, o1, M, T, T, oM,
iM, = ) \d,BeR aM, T A, BEoM, VA, BR oM,  ABE oM,

(67)

Q, 20,
+AdGaM}R s

By insertin My 1, gl?:() and 92@:0 into Eq. (67), we obtain
Y € M, & Mo, 8 Mo 1

ks

oV M, T V.. 1 ([ R
aM, f{ArEeR’+ArER’}R dp = Zm—e{fM¢d"”+efT¢d""} =0 (69
0 0

ks

Hence fM¢d¢+e (T dp = (69)

@

From Eq. (69)
! ’ 1
7aMy=—-nRTy+F,R [A+{§( R;) (3—k)+

k Al « 3(1—k) e 3 o

+4(1_F-—§)sina+ 16 (1~—R7~Z)‘)sin3a (70)

3(1—k)(1_i_§xcosa 3—k
16 R 4"|sin?2a 8

A

51 (4— k)} COS o

A(m—a) sinoc].
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From Eq. (66)

oV “ M, oM, T, oT, M, &¢T, T, &M,

T = J\A,EeR T, A, E¢T, A ER o1, 4, ER o1,
(71)
Qo 0Q| pry _
+Adaan}Rd(p—O
By inserting dlgo =R’ (1 —cosg), 83—217,15’:00890 and ;gfzsinqp in Eq. (71)
1 e T
E[M cospd 1 @, sinpdp=0 (72)
A, Fe | TotmPIPT Y q | YePNFEPT T
0 0
, B(1-5)
Whene<R A e >AdG‘
Tt follows that
JMq,OOSqod(p:O. (73)
From the above-mentioned equations
Fn 1
T = —— 30(9 4k —182+8Ak)sin?a (74)
EIR, 1 2
M, = ——;T——[Z—%(Q 4k —18A+8Ak)sin?«
1 A k e A «
+{§(1 R,)(S k) + 24(4 k)}COSoc-{-L—L(l—?——Q—)Sina (75)
3(1—k) 3 « cos x 3—-k .
+T(1—F_Z)\)(sin3cx—sin2a)_ 5 “”‘“)Sm“]-

Therefore, the circumferential stress in the section B of the cylinder (Fig. 20)
and the stress of the diaphragm can be derived from

T, M,h,
WA T e (76)
T, M_h
=2 92
% A, + A.ea’ (77)
_ 9%
T = A—d7 (78)

where o, is the circumferential stress of the cylinder, o, is the circumferential
stress of the inner flange and  is the shearing stress of the diaphragm. Generally,
o; reaches its maximum value in the proximity of ¢ =m/2 (compression) and
¢ == (tension). When the value of o; at p=7/2 is regarded as its maximum
value approximately, 7, and M, can be written in the form
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E,
Tq, — i ,
A1 (79)
Mq) = M0+%R,—E1R,{;+Z—"8—(3—k) Sina}.
And at o=7 T, =-T, o s (80)
M, = M0+211,R'—1QIR'{__ — 53—k sinoc}.
_ T
Axis through the centroid Neutral axis
by
& ol [
& £ /
Cylind - ijbz £
inder -
POt
@i -
Diaphragm
Inner flange of diaphragm
(a) (b)
. 4,

I

Ar=0by fi+byfa+bstp, Ag=0b,fs, r 7 p j°
b, log. —(;—H)z log, €+b3 log, p

Fig. 28.

The effective width of the cylinder shown in Fig. 28 (b) is derived from the
results of experiments and the reference material [7] in the form

by = by+1.56 YR¢,. (81)

The following results have been obtained according to the above-mentioned
calculations:

1. Relation between « and o,,;,. When the width of a beam or « is changed
with the thickness of the web and the flanges of the beam and the height of
the web left unchanged in the case of a cylinder with a diameter of 2 meters,
o,.:1 Of the beam flanges is calculated to reach its minimum value in the
proximity of « =45° and shows a large value at « £35° or « 2 60° (Fig. 29 (a)).
Similar results are obtained in the case of a cylinder with a diameter of one
meter (Fig. 29 (b)).

2. Relations between o and oy, o; and . When the width of a beam or « is
changed with k, b; and b, left unchanged in the case of a cylinder with a
diameter of 2 meters, the maximum values of o,, o; and 7 are calculated to
decrease with an increase in the value of «. All of them are affected greatly
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by a and decrease with a decrease in the value of a (Fig. 30 (a), (b) and (c)).
The maximum value of ¢, is more liable to be affected by ¢, than the others
and that of o, is affected by f, (Fig. 30 (b) and 31).

The position at which o; reaches its maximum value varies with «. It
reaches its maximum value in the proximity of ¢ =76° for « =45° and in the
proximity of ¢ =84° for «=75° (Fig. 30(d)). The maximum value is affected
by a for « =45°, but it is little affected by a for «="75°. Denoting o; at ¢ =90°
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—:—”— can be expressed against « as shown in Fig. 30 (e).
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3. Relations between k and by and o;, oy and 1. o; increases with an increase
in the value of k. However, the former is not affected greatly by the latter.
Both o; and o, decrease with an increase in the value of b,. The effect of b,
on o; is considerably great (Fig. 32).

4. Relations between b, f, and o,, o4 and r. According to this method of cal-
culation, the relations between o;, o, and 7 and b, f; or the area of the manhole
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flange can be diagrammatically shown with a taken as a parameter when «,
R, t,, k and b, are given. An example of the relations is shown in Fig. 33.
Practical values of b, and f, can be determined from such a diagram.
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Results of Experiments

The results of experiments with this type are shown in Fig. 35 through 41.
According to these results, the distribution of shearing stress is found to be
disturbed in the proximity of the part at which the cylinder is joined to the
beam web. The position of its maximum value lies toward the web side. The
maximum value obtained by calculation is fairly close to the maximum value
obtained by measurement.

The axial stress of the beam flanges is concentrated in the proximity of the
web and the maximum value lies at the points where the cylinder is joined to
the flanges in the axial distribution of the stress. The maximum value obtained
by calculation is appropriate.

The maximum value of circumferential stress lies at the point C' and that
in the case of B with no interlocked webs is a little larger than that in the case
of 4 with interlocked webs. The maximum value obtained by calculation is
appropriate in the case of B.

The maximum value of the axial stress of the cylinder lies at the point D
where the lower flange of the beam is joined to the cylinder. The value cal-
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culated by the conventional beam theory comes in coincidence with the value
measured in the proximity of the point D. Local bending occurs in this pro-
ximity, causing values measured on the inside and outside of the cylinder wall
to differ from each other. The mean of two different values is shown in Fig. 40.
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Fig. 36.

Fig. 37.

Fig. 38.
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The dimensions of the diaphragms used with the specimens are shown in
Table 1.

An M — A4+ curve is given in Fig. 42. According to this curve, butting type
showed initial yield in the proximity of M, ,. The interlocked web has the
effect of lowering the shearing stress of the knee joint and raising the value

of Mj, ). '
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Table 1. Dimensions of the Specimen

139

Symbol of specimen

A

B

Outside diameter of cylinder D (cm) 100 (radius to the center of the
thickness of the cylinder wall: 49.3)
Thickness of cylinder tp (cm) 1.4
tp|R 1/35.7
Distance between beam flanges d, (cm) 98.1
Thickness of interlocked web ¢, (cm) 1.4 | —
Distance between beam webs b (cm) 78.6 (total width: 85.0)
b/2 R 0.797
Thickness of beam flanges ¢, (cm) 1.9
/b 1/41.4
Thickness of diaphragms b, (cm) 1.4
Radius of manhole ¢ (dimensions of 50 (1.2,10)
flange f,, b;) (cm)
Sectional area of beam Ap (cm?) 592.4
Sectional area of column A, (cm?) 601.5 433.5
Ap| A, 1/1.015 1 1/0.732
Modulus of section of beam Sp (em3) 19697
Modulus of section of column S, (cm3) 12217 10537
Sp[Se 1/0.620 1/0.535
500
A
/’7"¢~~~‘-’§:M h(r] =|445 tim
400 24 434-t+m
( ) B
/ T T [ | Mor3estim
E 300 /—/—'%-- Mu..'u-}: 309 ttm
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Fig. 42.
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Table 2. Dimensions of the Bending Specimen
Symbol of specimen 10-350 14-350 14-500 17-350
Outside diameter of cylinder D (cm) 100
Thickness of cylinder tp (cm) 1.0 1.4 1.7
to|R 1/49.5 1/35.2 1/28.9
Length of span l (cm) 300
Sectional area A (cm?) 308.8 433.5 525.0
Modulus of section S (cm?3) 7513 10537 12686
g Thickness of Web b, (em) 14
3 Radius of Manhole a (cm) 176 | 175 | 250 | 175
Ll
-& Dimensions of flange Jf1» by (cm) 1.2,10
';_533 alR 1/2.83 1/2.82 1/1.97 1/2.81
byl fs 1/21.6 1/21.3 1/16.0 | 1/21.1
1 2 - Cylinder Inner fiange
/
(14-350) (14-350)
R IOOO[
O 1000 (kg/cm?) {kg/cm?)
P =150t P =100t

Axial stress
(a)

Fig. 44.

Circumferential stress

(b)
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The interlocking type is nearly strong enough to satisfy M, , while the butting
type is a little short in strength but has relatively large rotating capacity.

A simplified form of bending test as shown in Fig. 43 was carried out for
checking the stress of a cylinder and that of diaphragms.

According to the results of the test, the axial stress of the cylinder is close
to the value calculated by the conventional beam theory as shown in Fig. 44 (a),
and the circumferential stress of the cylinder and the stress of the diaphragms
are nearly in coincidence with the above-mentioned calculated value as shown
in Fig. 44 (b). How the diaphragms and the cylinder cooperate with each other
was calculated from the axial distribution of the circumferential stress of the
cylinder, the result of which is shown against R/t, in Fig. 45. The value of b,
calculated from Eq. (81) is fairly close to the measured value in thick-walled
cylinders.

20 b3

O max.

e S -
Bo | T /
» S

5
o) °2
25 30 35 40 45 50 55
R
1
p Fig. 45.
(a) (b)
600
o . Mp = [518t-m(tp=1.7cm)
Mp =436 t-m|(ty=1.4cm)
400 //““ 7-350— 14-500
/ P// | |
. 3ea T Mp=328tmltp=1.0cm)
£ 300 [ w350 |
= N |
10 350
=
200 o
100 | |

00 0005 000 006 0020 0025 0030 0035 0040
w Fig. 46.

w: Displacement of section D
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Diaphragms with a small value of @ buckled in a rupture test, resulting in
a premature lowering of yield strength (Fig. 46). It is necessary to pay due
regard to the thickness of diaphragms with a small manhole radius. Even if
diaphragms are provided with inner flanges, it is recommended that the thick-
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f2
17
on the thickness of an intermediate stiffener or a free outstanding leg of a
secondary member (Fig. 47 (a)). The stiffener shown in Fig. 47 (b) can be
effectively used.

When the width of a beam is larger than the diameter of a cylindrical
column, they are joined as shown in Fig. 48. They do not differ basically from
the above-mentioned types. Fig. 49 shows a case applicable not only to force
acting within the surface of rigid frame construction but to force acting outside
its surface. It has been confirmed that, if diaphragms are arranged as shown
in this figure and the oblique diaphragms extending from the cylinder to the
beam flanges are made as thick as the cylinder wall and those extending in
the axial direction of the beam are made as thick as the beam web in this
case, it results in an appropriate value of the shearing stress in the knee joint
and a fairly small value of the stress due to shear lag in the beam flanges.

ness of diaphragms be determined according to the conventional rule b, >

|
l

Fig. 48.
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A
\J

—

Fig. 49.

3. Circular Arc Knee Joint

When bending moment is applied to the rigid frame knee joint of box
section shown in Fig. 50, stress exerted in the acute outer corner is very low.

Therefore, the rigid frame knee joint is regarded as a bent tube of box section
by assuming that the hatched part does not exist.

b
= ]
} AXxis through the centroid
1. o o
it ) p XN Neutral axis
Jlto = dbt,
° = | b : Effective width of
& t — & circular arc flange
O
— = A: Effective sectional
M b X area of knee joint
& 2
(a)

(b)
Fig. 50.
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Fig. 51.

In the bent tube shown in Fig. 51, tensile force and compressive force are
created in the outer and inner flanges, respectively, by bending moment. They
give rise to resultant forces, each directed toward the neutral axis. These
resultant forces cause the section to be deformed as shown in Fig. 51 (b). If it
is assumed that the section of the bent tube continues to be a plane even after
it is bent, the elongation (contraction) of the flange elements S §; (rr;) at a
distance of x from the symmetrical axis y is related not only to the increment
4d¢ of the angle d¢, but also to the displacement w in the radial direction
of the section.

The strain in the lengthwise direction of the flange element rr, can be
expressed in the form

Adr  Addr—wdé

dr dr (82)
_E  E (dadr dé\ E w
And G.’I) = 1—V2€ = 1—1}2( dr _wE"_) = O',,’,ta‘z‘.—‘—-—“]__v2 E, (83)

where o,,,, is the flange stress right above the web, the value of which is taken
at the center of the thickness of the flange.
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The differential equation with respect to the displacement w of the flange
plate can be written in the form

E8 dw t,

=0g,.=—. 4
12(1—12) da® _ *R, (84)
By inserting Eq. (83) in Eq. (84) and putting o,,,, R =q' and ;— = T R2 =k’
Eg dw , ,,
(- dat ¢ (89)
Taking into account the symmetry to the y-axis and putting
b3/ 3
#=3Vara 59
we obtain the solution in the form
_ 9 . 2Bx . . 2Bx . 2Bx 2Bx
W= (1 C, sin b sinh b C, cos b cosh Sk (87)

Supposing that the webs uq and »¢ in a rigid frame having rigid joints
u, v, t and q as shown in Fig. 51 (b) are deformed in circular arc form, the
radius of curvature p of the web plates is expressed in the form

dw B
(). -
2

On the other hand, the bending moment at the points q and ¢ of the flange
gt is defined as

(88)

'b_ll\'.)l@..

Et (dzw) _ Eff 1
12 (1 —»?) \d 22 ng To12(1 —u2)p

From the above equation
dw d (t,\3 (d*w
(7). =36 (). =

From Eq. (88) and w,_4,=0, C, and C, can be derived in the form
sC—-cS—ysS sC+cS—ycC

17 ¢s+CS—y(S2+c2)’ 2T s+ CS—9(S?*+ ¢y’ (90)
3

where y=2B— (;1) (91)
2

and sinB=s, sinhf=8, cosB=¢ and coshpB=C. (92)

Hence Oy = Opmaa (.Cl sin 2 fx sinh 2§x + C, cos /g cosh 2F x) (93)



STRESS IN KNEE JOINTS OF RIGID STEEL FRAMES 147

The flange force is defined as

o, dx =t bo,,,- (94)

max

* 0| o

2t

=]

From the above equation

b 1 y(sin2B+sinh2B)~2(—cos2p+cosh2p)
'5" =~ A .

2B y(cos2B+cosh2pB)—(sin 2B +sinh 2B) (99)

If the value of B grows, for instance, 8= 3, Eq. (95) may be substituted by

b 1 y-2
bTEpyl o

% is morely related to the dimensions of the section and R;.

If the value of b is made known, the maximum value of the flange stress
can be calculated.

M(ro—Ri+t2~l)
max = Ae( z_t_l)

(97)
2

The distance 7, between the neutral axis and the center of curvature can
be written in the form

Fo = . (98)
Ry+3 Ry-3 R+
(b +t2) l()g.e_—T1 + 2t2 loge#_t_l + (b +t2) 1Oge—_~7;
072 Ri+s 73

Results of Experiment

An experiment was carried out to prove that the above-mentioned pre-
sumptive calculations were correct from a practical point of view.

The shape and dimensions of the specimen used in the experiment is shown
in Fig. 52. The axial distribution of the axial stress of the circular arc flange
is shown in Fig. 53 and 54.

According to the result of the experiment, the stress distribution of the
axial stress of the circular arc flange at the point D is concentrated in the
proximity of the web. The stress distribution along the circular arc is found
not to change greatly in the circular arc. It will be seen that the above-
mentioned calculations provide values close to the measured values. These
calculations were made on the assumption that the effective width of the outer
flange is equal to b or it is effective over its total width.
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An M -4+ curve is shown in Fig. 55. The load is of open type. According
to this, it will be seen that M, can be reached easily. In this case, however,
careful attention must be paid to great stress concentration arising in the
proximity of the flange web because the section is warped in the proximity
of the circular arc flange of the knee joint. For this reason, the oblique rein-
forcements shown in Fig. 56 may serve effectively.
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Distribution of axial stress of the circular arc
flange along the circular arc
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Conclusion

In this report are presented some proposals for the calculation of stress at
rigid frame knee joints in which beams with box section are used, and the
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results of examination of the proposals through experiments have been
described. '

It is suggested that conventional methods of calculation made on the assump-
tion that shearing stress is uniformly distributed in the web of straight rec-
tangular knee joints should be corrected. It is also suggested that the stress
due to shear lag obtained by model calculation must be considered with respect
to flange stress. Diagrams used for estimating the stress due to shear lag are
made available for this purpose. At the same time, it is pointed out that these
ideas are applicable to such types as straight haunch type and circular arc
type straight flanges. When the application of plastic design is considered,
it is necessary to pay due regard to the thickness of knee joints, because,
generally in such knee joints, the total plastic moment of column or beam is
apt to be lowered by shearing stress. As large stress concentration will occur
near the inside of knee joints, it is necessary to render the total strength of
flange to the joints to be welded. The effect of inserted web on shearing stress
in knee joints, when a cylindrical column is used, has been detailed in this
paper. The necessity of paying due regard to shear lag is also discussed in
considering the stress to beam flange as in the case of straight rectangular
type. As fairly large stress is generated in the inner flange of diaphragm, or
as the diaphragm possibly buckles at too early a stage, depending on its
dimension, the method of calculation of the diaphragm stress and the limitation
of the thickness of diaphragm were called to particular attention.

As for the circular arc knee joint, this report shows the method of calcula-
tion of the circular arc flanges, in which the warping of web and flange of knee
joint is taken into consideration. In this case, section arrangement and the
thickness of the plate must be determined carefully because fairly large stress
concentration is observed in the proximity of the web of the circular arc
flange. According to the results of experiments with the above-mentioned
types, the calculated values generally come in coincidence with the values
obtained by the experiments.

These are the points which must be considered in designing knee joints of
welded construction. While some more problems are yet to be examined as to
stress concentration at the inner point in the knee joints or stress disturbance
in the proximity of the inner point in the web, the methods of calculation
proposed herein are believed to provide some references for solving these
problems.
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Summary

The authors present some proposals in this paper regarding calculation of
stress at knee joints of rigid frame construction, and confirm the applicability
through several experiments. A few types of knee joints, such as straight
rectangular, straight haunch and circular arc haunch, have been investigated.

One of the features of this report is that the stress due to shear lag is taken
into consideration with respect to flange stress in knee joints formed by welded
beam and column of box section. The stress due to shear lag can be calculated
by means of model, and diagrams are used for estimation of the stress. Not
only columns with box section but cylindrical columns are discussed in this

paper.
Résumé

Le présent article contient quelques propositions pour le calcul des noeuds
de cadres rigides et confirme son application par divers essais. On a examiné
plusieurs types de nceuds: forme rectangulaire, polygonale et en arc de cercle.

Ce qui caractérise cet article est le fait que nous avons considéré I'influence
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de la déformation du cisaillement sur les contraintes des semelles. Cette influ-
ence peut étre obtenue & partir de modéles mathématiques et de graphiques.
En outre, on examine le cas des colonnes cylindriques.

Zusammenfassung

Die Verfasser unterbreiten in diesem Beitrag einige Vorschldge zur Span-
nungsberechnung an Rahmenecken und bestédtigen die Anwendbarkeit durch
verschiedene Versuche. Etliche Typen von Rahmenecken, wie rechtwinklige,
polygonale und kreisférmige werden untersucht.

Eines der Merkmale im vorliegenden Aufsatz dullert sich darin, daBl die
Spannungsdnderungen in den Flanschen infolge der Schubverformung in
Betracht gezogen werden. Der Einflu der Schubverformung kann anhand
von Modellen ermittelt und zur Schitzung der Spannung kénnen Diagramme
benutzt werden. In dieser Arbeit werden nicht allein Stiitzen mit kasten-
formigem Querschnitt, sondern auch zylindrische Stiitzen behandelt.
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