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Przemystaw KRYSTOSIK?

DESIGN RESISTANCE OF WELDED KNEES
IN STEEL FRAMES

The paper presents issues related to calculatibmelded knee joints, in which
the interconnected load-bearing elements, beamgalndns, can be made from
plate girders with slender webs.

At the beginning, a typical knee joint of portaaitframe was characterized, along
with presentation of calculations for the interfices in characteristic zones of
the knee, i.e. in tension, shear, and compressimme.zThen, the checking
procedures of resistance were presented in detaidch designated knee zone,
paying particular attention to the influence of gdex stresses state and loss of
stability in the shear and the compression paknet joint.

The work also presents a comprehensive calculaxample, which illustrates the
described method usage in practical design of wigkaees of steel frames.

Keywords: steel frame, knee joint, transverse stiffenerggdnal stiffeners,
resistance

1. Introduction

Knee of steel frame, also called a knee joint (peaves joint), is a connection
place of the load-bearing elements of the frange,the beam (rafter) and the
column. Due to the kind of connected elements ued joint can be classified
as so-called, beam-to-column joints.

Designing this type of joints is quite difficult,aimly due to the complex
geometry, which in turn causes a complex systefioraes (stresses) acting in
the knee. This mainly applies to design of bolted-plate joints, where the need
to transfer large internal forces and getting appabte stiffness make
calculations for this type of joints rather difflc{l—3].

Application of the solution in the form of weldedde joint often allows
with less effort to design the joint with appropeidarge resistance and stiffness,
which often is also easier to manufacture. In tteges the bolted connection
assembly can be located near the knee, e.g. irb¢dlaen, where there are
generally smaller internal forces.
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Nowadays, the most commonly used method in dedigteel frames joints
is, a component method, recommended by Eurocoddt[#] characterized by
fairly high versatility, because the basic assuarsiof that method allowed to
generalize and adapt the computational algorithmshat it could be used to
design welded and bolted internal joints, as welt@umn bases.

Despite this, application range of this method|uded in the standard [4],
has its own limitations. They result, among othé&an the conditions of joint
plates slenderness, limiting the use of Eurocogiéo[4ases, where, e.g. sheared
panel of column web is insensitive to instability.

This inconvenience makes it difficult to use thenskard [4] when designing
steel frames knees, in which the bearing elemdmtanis and columns) are
designed from plate girders cross-sections, cheniaetl by significant
slenderness of the webs. Due to the fact that fsami¢h plated structural
elements are often used in steel construction,ptieeedures included in the
standard [4] should be generalized in such a waywould allow to design the
knee joints in that type of frames. This conditiangording to the author, is met
with the computational method of rectangular knekesteel frames discussed
in this paper, which is partially based of informatpresented in [5], and also
takes into account EC3 [4] provisions.

2. Analysis of forces acting in frame knee

Due to the complex geometry of a typical knee, Way of combining
individual elements (type of welds used, technolaggd in performance of
welded connections), as well as issues of platssliilities cause that accurate
static and strength analysis of the considered jeiquires appropriate software
usage (e.g. based on the finite elements methatltren use of very complex
numerical models [6].

In practical design, generally, there is no needdoduct very detailed
calculations of frames knees [7]. Considering theildrium conditions of the
loaded model of knee joint (Fig. 1a), stress distion and forces system acting
on the individual components of the joint can be¢aoted at rough estimate
(Fig. 1b and 1c). Thus, the values of the forcém@aeespectively in the tension
zones Fy andF¢) and the compression zonds,(andFc) of the joint can be
approximately calculated from the equations:
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whereas, the shear forces values, correspondirthetdangential stresses in
panel of the joint web can be determined with the of expressions (Fig. 1d):
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Fig. 1. Knee of frame analyzed: a) loading schefrtbeknee, b) approx. stresses distribution
in the knee, c) simplified system of the forceshie knee, d) scheme of the shear forces
in the web panel

In case when the cross-sections of the columntlamdbeam, as well as the
welded connections have the required resistandes, calculation of the
considered joint can be reduced to checking thiestegge conditions in the
tension, compression and shear zones.

3. Dimensioning of frame knee

Knowing the system and the type of forces actinthenseparated zones of
the joint, it is relatively easy to formulate thppaopriate resistance conditions
for each of mentioned zones. It gives the posgihit design the joint without
having to run, often more complex calculations edistance of the entire joint,
e.g. due to bending.

3.1.Resistance of tension zone

Checking the resistance condition of the tensionezoan be performed
according to the expression:

P g 3)

Ft Rd

where Firqis a resistance of tension zone of the welded joiitich can be
obtained in accordance with point 6.2.6.3 of statsi§4].

In case of knee joints of portal frames the topdka of beam is generally
elongated in such a way that it could be directipreected with the exterior
flange of column, thus covering the top edge oticoi (see Fig. 1a). In that
case demonstration of the condition (3) can be gmtesl in the form of
resistance condition of the top flange cross-sactibthe beam, in which the
tension resistance of the flange determines thatemu
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bfbtfb f
F —_b'm 'y (4)
tRe Ymo

where:by, andtm are respectively the beam flange width and this&rfeis the
yield strength of steel, anglo is the partial factor.

3.2.Resistance of shear zone

Checking of the shear zone resistance can be dawieon the basis of the
condition in the form:

le (5)

Vwc Rd

in which Vi rdS the resistance of the shear zone in the forthefveb panel.

The procedure of the resistance calculations shbagin with sensitivity
assessment of the column web panel due to the stmability. In case, when
the web panel considered is freely supported orfoailt edges (Fig. 2a), the
sensitivity condition to instability of the web parcan be presented in the form [9]:

A :tis—g k (6)

where:y = 1.2 iff, < 460 MPa, whereak is a coefficient taking into account
boundary conditions and stresses distribution énathialyzed plate.
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Fig. 2. Analyzed web panel of knee: a) single negtdar panel, b) system of two triangular panels

In the considered case the coefficientan be determined with the use of
expressions [9]:
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534

k. (a) =4+ e if a<1
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a

wherea = b/ ¢ (see Fig. 2a).

Application of additional stiffening of the sheaore in the form of
diagonal stiffeners leads to the change of supppdonditions in the web panel,
converting one rectangular panel into two triangganels (Fig. 2b). In such
cases, the coefficiekt can be determined according to the relationshigngn
the works [10], [11]:

k. (&) = 534{1+ £2)+ 193¢, for compressestiffeners

: : 8
k(&)= 534(1+ 52)+ 087¢, for tensionedstiffeners

which, as in case of the rectangular plate, wermditated on the assumption
that the exterior edges of both panels are fragtysrted (Fig. 2). The graphical
interpretation of coefficients value change in the angle functior® of the
stiffening ribs inclination, (see Fig. 2b) is shoimrFigure 3.
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Fig. 3. Relationship of the coefficiektfrom angled

It can be noticed that the presented graphs ofki{d® function clearly
indicate that supporting of the web panel with dizag stiffeners reduces its
sensitivity to loss of stability, especially wheordes in the knee induce
compression of the stiffeners.



120 P. Krystosik

Resistance determination of the web panel in aalsen the condition (6) is
met, can be determined according to the formulg [12

2
A fy o

Vierd = =4 |17| +— 9)
" \/§VMO fy

whereAuw: = hue tue IS @ shear area, whiteis stresses value from axial force in
the column. In case, wheke does not exceed 50% of yield strendiththe
resistance of sheared plate can be determineddicgdo the equation [4]:

ANC fy.wc
V3 Vo

If, however, the slenderness condition of stiffemexb (6) is not met, then
its resistance can be determined with the form@ja [

A |
Vierd = Xyt
wcRd Xw\/é VMO

in which yw is a shear buckling factor. Assuming, in accordamdth the
provisions of the standard [9], that the appliedovetiffeners belong to, so-
called, flexible stiffeners (non-rigid end post)at the parameter valyg can be
determined based on the equation:

Viera = 09 (20)

(11)

X = min(O.Q; %’st (12)

w

where Aw is a shear panel slenderness:

— f
Aw = y (13)

\/5 Ter

Value of elastic shear buckling stresgsg€an be calculated on the basis of
formula:

_  JTEk

r 14
“ 1201202 (1)

in which parameter& i v are respectively the modulus of elasticity and the
Poisson’s ratio.

In case of the stiffened knee with diagonal stiffies, special attention
should be paid to the fact, that the componenteeghear zone — web panel and
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the stiffeners can achieve resistance under theeimde of significantly differing
forces. In order to determine the appropriate Idedribution for each of the
listed components, a system of equations can beulated in the form:

Vsc = Vwc +Vsd

15
5: 5wc = sd ( )
The first equation results from the equilibrium ditions of the forces in
the shear zone, while the second one describesotiditions of displacements
compatibility in this zone (Figure 4).

Fig. 4. Distribution of forces and deformationvé)ole shear area, b) web panel, ¢) stiffening ribs
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Fig. 5. Stiffeners of the knee joint: a) strengihgrin the form of transverse and diagonal stiffene
b) stiffened cross-section of the shear zonejf@@rstd cross-section of the compressed zone

Displacements caused byw. and Vsq forces acting on the relevant
components are determined in the following equation

5 = Vueh Vb

T AG T EA,sini(6) cos@) (16)

where: Asq is the cross-section of the substitute compressiement of the
stiffened shear zone (Figure 5b). After some t@mshtions, formulas on the
values of the forces acting in each componentestiear zone can be determined:



122 P. Krystosik

Vwc = (L}vsc’ Vds = (i}vsc' (17)
Ayt Auc Ayt Anc

Ag = A SIT(6) cOS6) (18)

where:

Knowing these forces, the condition of the shearezeesistance can be
formulated in the form of two inequalities:

f f
Aty SVie: Vgrg = Ao Y.sin(6) < Vg4 (19)

V\erg = 09
R \/§VM0 o

in case, when both components of the stiffened avelnot sensitive to stability
loss

Evaluation of the resistance of the stiffened sheane, treated as
a substitute diagonal member with a crossed crestses (Fig 5b),which is
sensitive to the loss of stability can be carriad o accordance with the
algorithm used while checking resistance of congoeselements [8]. For this
purpose, the resistance condition of compressiombee, subject to the out-of-
plane web buckling, should be determined usingdhaula:

Asd 1:y

M1

Veira =X sin(f) < Vg (20)

whereyw: is the partial factor, angdis a reduction factor, calculated according to
expression [8]:

1

XN —— (21)
P+ -2
in which:
¢;=%[1+ a,(1 - 02)+ 17] (22)

The imperfection parameteas can be assumed as value which equals 0.49,
whereas a non-dimensional slenderness is calcudataatding to the formula:

7= A A 23)
Ncr /]1
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Slenderness of the substitutive compressed eleielnie to the out-of-plane
web buckling and a relative slendernegsare obtained with the use of
equations:

A= il (24)

A=m \/fE =939¢ (25)
y

where:l is a length of substitutive member,is a buckling length coefficient,
which can be assumed with a value of 0.75, if lttls of stiffeners are fixed
(e.g. in flanges of column) [9], and a radius ofagypni should be determined
for the cross-section of the compression membaeg. (B1b) with respect to the
vertical symmetry axis.

In the compressive resistance calculations ofstifeened components of
the joint one should also take into account themsgivity to loss of stability due
to the torsional buckling. The resistance to thjsetof instability can be tested
using the condition [9]:

f
1 >532 (26)
Iy E
wherel; is the St. Venant torsional constant of the si#fealone, whild,, is the
polar second moment of area of single stiffenenalaround the edge fixed to

the plate. The fulfillment of this condition meattat the checked stiffener is
resistant to the torsional form of stability loss.

3.3.Resistance of compression zone

Checking the resistance of compression zone obé&aen-to-column joints
can be carried out according to the resistanceittondn the form:

Foe o9 27)

cRd

in which Fc¢rq is the resistance of unstiffened compressed zoh&h can be
determined according with the standard [4] guidsdin
In case of occurrence of the diagonal stiffenerhée knee (see Fig. 5a) the
resistance condition can be presented with theusequality:
Foe =Veg <1 (28)
FcRd
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However, when designing knee joints, in which thate girders are
connected together, the web panel of column is géign susceptible to stability
loss, which does not guarantee the entire joint #uequate resistance.
Strengthening the compressed zone with transvéiféeners (flat ribs) greatly
improves the resistance of the web to local bugkffig. 5a and 5c).

In case, when the value of a non-dimensional slemds of the
compression zone, treated as a substitute memiterangrossed cross-section
(Fig. 5c¢) is not larger than 0.2, and the stiffenierthe form of flat ribs are not
sensitive to loss of the local stability, that stmnce of that zone can be obtained
from the equation:

Ky bty N 2b .. f,

we “eff.ctwe 'y
cweRd

Ymo Yo

F (29)

in which @ andkac are, calculated according to point 6.2.6.2. [4lefficients
taking into account the reduction of resistance tudhe complex state of
stresses in the web panel, whereas I3 an effective width, equal 89 ¢ + tsc
(Fig. 5c).

Evaluation of the resistance of the stiffened caspion zone, which is
susceptible to the loss of stabilityl (- 0.2 ) can be carried out in accordance
with the algorithm used while checking resistanteanpression elements [8].
For this purpose, the resistance of compressiom,zsensitive to the out-of-
plane web buckling, should be determined usingdhaula:

[wkwc beff.ctwc fy + 2bs(tscny (30)
Ym1 Ym1

I:cRd

Calculation of the coefficieny in the formula (30) should be carried out
analogously to resistance checking of the stiffesteehr zone case, here taking
into account the geometrical and material quastitiethe transverse stiffeners
of the web panel. Assessment of the sensitivityoss of stability due to the
torsional buckling of transverse stiffeners alsousth be checked.

4. Numerical example

On the basis of information presented in this patiex knee of a certain
steel frame, shown in Figure 6a), was calculated.

Using the results of static calculations in thenfaof forces acting on the
frame knee (Fig. 6b), geometry of the cross-sestairthe beam and the column



Design Resistance of Welded Knees in Steel Frames 25

a) 60kN 60kN B0kN B60kN 60kN 60kN 60kN 60kN 60kN B0kN G6O0kN
S S N R N T N N AR R
£
D
3 /_'
38m |
b) o )
2 »e J |
LNy | v .-1&%
] E u A1V,

V(‘
o
D-D
Y -1 |
©
= 11 | 8 &
I D 2
=)
1
250 ©
A-A B-B
I 77 Y 7 *
g ' g 3
g e e el | = o —
| o [ =
& 7 ot 2T 00
16 | 1000 | 18
1032 247 207

Fig. 6. Analyzed steel frame: a) static scheméefftame, b) distribution of bending moments in
the frame, c) system of forces acting on the fraumee d) analyzed knee joint of the steel frame
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which roughly correspond to the proportions ofIK&lgrs, was assumed. Next,
taking into account the geometry of the knee (@), and the local equilibrium

conditions (Fig. 6¢), the momert4, andM. acting on the calculated joint were
determined.

Data: Steel S355E = 210 GPaG = 81 GPajf, = 355 MPa, = 0.814,

n = 1.2; forces acting on the knee from the bearma ¢kdg. 6d; D — D cross-
section):M, = 1473.22 kNmi\, = 254.83 kN, = 330 kN, forces acting on the
knee from the column side (Fig. 6+ C cross-section)M; = 1473.78 kNm,
Nc = 330 KN,V = 254.83 kN.

Geometric properties of the columnarea of the cross-section
Ac = 15x13 mn¥, second moment of the cross-section 2.65x18 mnt.

Geometric properties of the tension zomeidth of the beam flange
br= 250 mm, thickness of the beam flaige 16 mm.

Geometric properties of the shear zat®ar aredsg= 100 mm{fsg= 10 mm,
Auc = 7x16 mn?, effective width of the web panklis= 180.86 mm, area of the
cross-sectiomsg = 3.27x168 mn?, lsq = 5.73x16 mnt, radius of the cross-
section gyrationse= 41.90 mm.

Geometric properties of the compression zdier 120 mmytsc = 12 mm,
effective width of the web panék+. = 182.86 mm, area of the cross-section
Asc = 4.16x16 mn?, second moment of the cross-sedipn 11.62x108 mnt,
radius of the cross-section gyratige= 52.86 mm.

Resistance calculations of the knee were perforrnedidering two cases:
= case | - the knee is not stiffened with diagoniffiesters in the shear zone,
= case Il - the knee is stiffened with diagonal etifrs in the shear zone.

Determination of internal forces in the knee joint(acc. to 2)

F = M, N, _ 147322kNm 254 83kN — 992.05kN
b 2 1316m

F - M, . Ny _ 147322kNm + 254 83kN — 1246 .88kN
b 2 1316m 2

V. =F, =F, -V, = 124688kN - 25483kN = 992.05kN

Calculation of the tension zone (acc. to 3.1)
» Resistance of tension zone

byt f
F 2 butef, _ 2500655_ 0

Vwo 10
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= Resistance condition of the tension zone

o <1- 99205kN = 0.70- condition fulfilled

For 1420kN

Calculation of the shear zone — case | (acc. to 3.2
= Sensitivity assessment of the column web panetatige shear instability

a:E:lS_lB: 130 — kr(a)=534+i2=534+ 42
c 101¢ a 1.3C

=772

A, = e 3—15\/k_, - 10700 < % 0814772 - 142863> 5842
n .

wcC
Elastic shear buckling stresses

_ PEk, _ mA210x10° 0772

T afve)a? 120 0F)1azee o MPR

Shear panel slenderness

- f 355
A= == | =169
"\VV3r, 3184

Shear buckling factor

Xo =Mmin| 09; (183 - X, =Mmin 0.9;%)J =049
A 169

w

= Resistance of the shear zone

f
Verd = )(WM = 0.49[-!7)(1037[855 =70498 kN
\/§ Y1 \/§ Y1

= Resistance condition

V,, 992.05kN

s «q ., ZEEPYR T —141>1 - condition not met
Verd 704 98kN
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Calculation of the shear zone — case Il (acc. t02}.
» Determine the load distribution for each of thesstmmponents

6 =3770°
A = Ay gsinz(e) cos(@)

210x10°
= 32710 = ——
’A\Eq X 106

3
Vy =| —Pwe = 101997 05kN = 730.76KN
Ay * Aue 250010° + 7010

sin? (37.70) cos(37.70) = 250x10*mm?

3
V= ey - 25000° 1997 o5kN = 261.30kN
A+ A 250010° + 7010

= Sensitivity assessment of the column web panetaltige shear instability

6= 3770° - &=cot(®) =130

k(&) = 534{L+ £2)+ 193¢ = 534(L+ 130?) + 193130= 3948

A, = e o 3’—15\/k_f - 10700 < % 0814+/3948 _ 14286= 13207
n .

wC

Elastic shear buckling stresses

_ PEk, _ 7?[210x10° (3948

T0-v)a7 12h- 0F)1azse O MPR

cr

Shear panel slenderness

= f 355
A= == | = 075
"VV3r, V336719

Shear buckling factor

. 083 . 083
=min| 09; =— | - X, =min 09, —— |= 090
A [ p) j 4 [ 0.75)

w
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» Resistance of the shear zone —web panel

f
Vchd :Xw ANC L = Ogow: 1291 .24kN
V3 V0 J3m.0
= Resistance condition

Vee 1 _73076kN
Vv 1291 24kN

= 057 < 1- condition fulfilled

wc.Rd

= Sensitivity assessment of the stiffened web dubdduckling instability
Slenderness of the substitutive compressed element

4 =Ou _ 16631075 _ o
<, 4190 '

Relative slenderness
A, =939¢ = 7641

Non-dimensional slenderness

Reduction factor

o, = %(1+ aliy -02)+1.7)= %(1+ 049(039- 02) + 039°)= 062

Xeg = ! = 1 = 090

Ayt -t 062+ 0622 - 039

= Resistance of the stiffened web

f 3
Vo = tog 2 ging) = 0.90327+(Wsin(37.70) - 63973kN
y, .

M1

= Resistance condition

Ve _;  26130kN

<1 =——— = 041<1- condition fulfilled
e 639.73kN
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= Sensitivity assessment of the web stiffeners dukeddorsional instability

_b, 3, _100010°

I, 3 = 3333x10°mm*
3 3 3
| = b’ O, by O’ _100°00  10000° _ oo 06
P 3 12 3 12
f
liyggly | 33830 o0 355 45105 0009
I, E 334x10° 210x10°

Calculation of the compression zone - case | (ado.3.3)
» Coefficients taking into account the complex stdtstresses in the web

w= 1 _= 1 _ =098
11 Bt ¢ tue 1+L%?8282U)
A, 7010
g, =Ne 4 Mc , _ 330x 10", 1474x10° o 50028vPa
A 1, 15x10°  265x10°
K, =17-e =17-30028 _ 455
f 355

y

= Sensitivity assessment of the web stiffeners dukeduckling instability
Slenderness of the substitutive compressed eleinent

Non-dimensional slenderness

_ A 1442 019 < 020- lateral buckling will not occur

* A 7641

» Resistance of the compression zone

FcRd = wkwc beff.ctwc fy + 2bs$scfy
Yvo Vo
_ 0981085 EI182.86EFE3355+ 2120012855 _

Fera = 140236kN
10 10
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= Resistance condition

Foo _,  124688KN

<1 = 089<1
Forg 1402.36kN

= Sensitivity assessment of the web stiffeners dukeddorsional instability

_b, &, _12002°
t 3 3
b O, , b [, _120°00 , 120010

I = 6912x10°mm*

|, = e 4 ke = 693x10°mm’
3 12 3 12
f

Jiss3 6929x10° o5 355 10105 0009

_y g = D
I E 693x10° 210x10°

Calculation of the compression zone - case |l (acm 3.3)
» Resistance condition

Foo~Vas _,  124688KkN -26130kN _ -0 .

Ferg 140236kN

5.Summary

The paper presents the calculation problems of edelknees of steel
frames, in which the main load-bearing elementsashes can be made of plate
girders with slender webs.

The presented analysis method ofjoint loading stiltevs relatively easy
to determine the forces acting in the three charistic zones of the rectangle
knee joint.

The algorithms for checking resistance have beerldped in such a way
as to take into account the complex state of steessthe joint web, as well as
the phenomenon of instability in the shear andctimapression zone of the joint.

The proposed method of designing welded knee joimdkes it possible
to determine quite accurately the resistance ofitidévidual zones of joint.
This fact may in many practical cases favor morenemical design of steel
frames knees.

Furthermore, the method of internal forces deteatom and the
dimensioning procedure presented in the paper wszd in the calculations of
certain knee joint of the portal steel frame.

Although the scope of the calculation method is thork relates directly to
the design of welded knees of steel frames, thesepted dimensioning
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algorithms can be relatively easy adapted to cafimuis of knees, in which end-
plate bolted connections between beams and colappesar.

The issues presented in the paper are importamt fhe practical point of
view, and therefore, they should be taken into awtd the design process of
frames with plate girders’ cross-sections.
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