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ABSTRACT

o e Gwen cmr g i ———

The results of a seriés of tests on straight cornex comnmections
for welded rigid portal frames axe reported im this pwper. These
connections were pfopoﬁtiaﬂe@lusing the concepts of plastic emalysis,
_The purpose of this study was to determine the effect of member size
onfconnectiomjhehavidr, It was desirable to know if;connections
fabricated of larger size rolled sections would meet the “reqmirememts"
for comnections which had been establighed in earlier studies msing

small spécimens.

The kneéa~wemg tested in a universal testing machine in a4 mannex
that simulated forces émd moments tending to close the .conmection.
‘ Measurements were made to determime the rotationm in the vicinity of
'thé plastic hinge, the relative deflection between ends of the legs,
the magnitude of the lateralfsuppbrt forces, and commemcement 6f local

web and flanmge buckling:

'Thg@xétigarxexprassions used in the calculation of-the forces
anﬁudgﬁagmatings agre described. From these expresgions 1t is péssible
to eorrelate theory with the test results.
_/
The factors leading,LO'the.desigm of the stiffemimg‘which_includes
the end plate, diagonal stiffemer, and vertical stiffever are discussed.
The welds were proportioned to carry pléstic.mgments\and forces§ _The

sequences used for welding the test specimens in order that induced

stresses and distortiom could be minimized are outlined,

A comparison between welds proportiomed in this manper and those

pxoportidnal by“presemt;gay weld procedures is given. This showed the
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| only weld which is largexr by "plastic" design is the columm web fillet

weld to the beam flange,

The results of test carried out on_comﬁections.usingll&WF30§

24WF100, 30WF108 and 36WF230 rolled sections are presented. .These welded

‘connections were of the¢ same general proportions as may be found in
present day construction. . The résults of earlier experimental work .on
the same type connectiom fabricated from 8Bl13 sections is included for

comparison,

_The tests showéd'that,changing the size of member has no adverse
effect on the performance of the type comnection tested. It was found
thét cpnngctions of large size members are able to absorb a sufficient
~amdunt-of'rotétion.after,m@aching,maximumumomentlprovided adequate

lateral support is furnished.

It can be concluded that the results of earlier theoretical and
experimental work om small members can be applied to the larger rolled

gections.,

_Equations and sample calculations for use in design are presented

in an Appendix,
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1. INTRODUCTION

1. _OBJECT .AND SCOPE:BF'INVESTIGAIION

:Ause&ies of tests werg carried out atiLehighuUniversity as the
second phase of a program on corner connections which is part of the

broad investigation titled "Welded Continuous Frames and Their .Components",

.The earlier phase covered the testing of a number of corner conn-
‘ections of different designs, all_connectiﬁg,B B 13 members. The purpose
of the tests was to determine whether the different types of knees being
studied would show performence satisfactory for their use in structures
designed by either plastic or elastic analysis, Among the problems
studied were the strength, stiffmess,; rotation capacity, and ecomomy

tof.fabrication;(l)

In the second phase, the.effectfof‘SLZevof;maMher.pn_conngc;ﬁomy »
behavior is discusseéd. The test specimens were ''fiype 8B" as classified
in the original study. As shown in Fig 1, they were straight knees with
diagonal stiffeners and half-depth vertical stiffeners. The rolled
sections originally intended for study were the 14WF30, 24WF100, and
36WF230. These rolled sections were chosen on the basis of their
geometric similarity to the 8 B 13 used in the earlier tests. It was
- decided also to include the results of a 30WF108 commection tested later
but which did not haye geometric similarity to the other connections
tested, The type 8B .cormectiom was selected because it showed good
hghayior\in,the elastic and plastic range in the earlier tests and was:

economical to fabricate.
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- Meaguremants made during the tests were used to determine whether the
knee .would meet the reguirzements for kmees in structures. . These requirements.

had been established in am earlier study,(l) They are:

(a) The knee must be capable of resisting at the cormer the

full plastic moment, Mp, of the rolled sections joimed.

(lr};) The stiffness should be at least as great as that of an

.equﬁial’émt length of the rolled sectioms joiwmed,

{c) The knee shci@ﬁi{l@ have sufficient rotation capacity; that is,
it should be capable of absorbing further rotations at near -

maximm momznts aftewr zéigéching the plastic hinge condition,

(d) The knee should be ecomomical to fabricate.
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2, DESCRIPTION OF KNEES

2. TEST SPECTMENS

Each specimen consisted of two identical members jp'ingd at right
angles, A5 is shown im Fig 1, the end of the web of the column was.
~ joined to the lower flmmge of the heam. .An end plate equal im cross
Section to the nominal section of the flange was used to prolong the
outer flange of the columm to meet the top flange of the beam. .Two.
types of end plates were used; one incorporating am overlap; and the
other butting the »colum.,f];ange. Diagonal fs,ti‘ffe'gers of thickness
equal to the nominal flange thickness extended from the intersection -
A_‘o,f ‘:o,ut',er flanges to the intérsection of imner flanges. - Sniped half-
depth. 'vezrtﬁical stiffeners were added as a prolonga-ti‘cn- of the inner
flange of the columm. The lengths of both lgs were equal a.nd ‘were
;about four times the section depth. This pravided a reagonable ratio
of shear to momént and axiil.force to moment. - It ",v'a'as'"ﬁé’(’?eSﬁéé’f?ffftﬂd""make
the legs of the l4WF30 about six tiines the section depth to provide .::.

te_s‘tin_g clearances in the testing machine,

In Fig 2 the cross sections of the four rolléed shapes are drawn to
Bcdle along with the.8 B 13 cross section used in ;f:he earlier tests,. .A-7
structural steel was the material from which the sections 'wiejfe rolled.

.The properties of ‘the various pieces of rolled shape and ﬁ»lat'e material
wused in fabricating the specimens were dete_rminga from coupons cut from
,the‘s,é fsie‘ctio,ns. .The texisile sp‘ec_imené, were tested in a hydraulic univer.;sél
testing machine at a slow labordtory rate., Load and elongation over an

8-1irch gags_length were measured and plotted by m;eaﬁ"s. of a low-magnification
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automatic stress-strain zecorder., .The rate of application of load was
about 30 micro-inches per inch per second in the plastic range, a rate
much lower than the wswal standmrd mill test rate., This reduced rate of
loading was uséd.because the results were to be aépiied‘te-pmedis%&valu@s
for static tests where equlibmfumxof load and deformation would be |
obtained at each load. increment before readings would be takgn. Fig 3
shows an idealized stress-strain curve obtained1fromgtension,coupons and.
defines the various terms used in Table 1. The results of the tests
,carried\out;on,these coupons ﬁay.be seen in Tabie 1, _cﬁmggession;coupon
tests were élgo'conductéd. .For a more comprehensive outline of testing
proéedur: and how the various quantities are measured, see Ref 2. .The

results of the mill tests are also shown in Table 1.

For theoretical calculdations, average coupon values were used.
These -values were obtalusd by taking a weighted average of the coupon

tests results in proportion to the flange and web areas.

_The cross-section dimensions of each specimen were measured and
recérded‘for;comparisonrwith handbook(3)values,-énd.for'use in making
theoretical calculations. .A summary and comparison. of these values is

shown. in Table 2.

The chemistry of the steel was such that even with the thick flanges
offthe.1arger‘sectionsg,i£ was possible to weld without preheating or

‘using special electfodes;(4)

3. LOADING SYSTEM

In the conmection tests, the knees were set up inuanGSOO?OOO ib.,
universal screw-type machime in the position showm in Fig 4. The

comnections were tested by the scheme shown in Fig 5. Considering the
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legs of the kmee as the legs of a 45° - 45° - 90°trismgle, concentrated
loads wexe applied.along,the.hypotemuée-of‘the triangle. The effect of
this loading conditiom on the kmee itself was to cause bending moments.
which wwre maximum at the cormer, plus equal shear end thrust forces in
the oxder of magnitude of about 10% of the theoretical stub-column yield

load.

End. besring at the points of load application was supplied through
 steel pims 12 inches long welded pempendicular to the plane of the web.

. These ping,wereﬁ%ble to mpgate iglthe plane of the commnectionm on the flat
jbearing‘surfaceéﬁattached to the testing machine. .Thus, a condition ‘of
zero moment was assumed at the points of load application. The mecessary
horiiontalzrgactionskto prevent overturning of the kmee assembly due to
its own weight were supplied by friction once a small load was applied.
As a safety precaution, restraining devices were positioned so as to

support the structure should slip occur.

.The end\beéring pins and web of the specimen were stiffemed by
doubler plates and stiffemers which also were designed to.ca@gy,patt

‘of the end reaction to the flanges. &

4., LATERAL SUPPORT

Lateral support for each knee was provided by a system of 4 tie
rods attached to the inmer and outer corners of the knees at the ﬁips
.0f the flénges, The poimts of lateral support are shown in Fig 5. The
tile xods were arvanged so as to restrain. the knees from any lateral
Tdeflejc’ti‘on‘withaﬁt interferring with vertical movement between the end

pins. The reactions of the lateral supports were carried by a framework.
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of 1/WF30 beams bolted to the fixed columms of the testing machine,

(see Fig 4) The bracing frame formed a horizontal plame passimg through
the corners of the knee., It was designed to take almosi all the lateral
forces inm the system so that the testing machine columns carried omly the

weight of the framework.

Each tie rod had a tumrabuckle to pemmit adjustment cf the forces..
.An SR-4 electrical dtrain gage bridge was mounted on each tie rod so that

the force cvould be determimed at amy time,

"Two methods were used to allow freedom.éffvertical.movement.of
the knee. In the tests of the L4WF30 and the.24Wqu0g the tie rods
were fitted with flex bars at each end. (Fig 6) Im the test of ‘the F
36WF230, and 30WFLO8 the tie rods were fitted with pims amd clevices at

each end. (¥Fig 25)

5.  ROTATION MEASUREMENTS

Measurements of the rotatlom across the kmees and alomg parts
of each leg adjacent to the knee were made by rotation imdicators
similar to those shown im Fig 6. The development and use of this type

of rotation indicator has been described in ref 5.

6. DEFLECTION MEASUREMENTS

The.relativg4def1@ctionaof the ends of the legs was measured by a
dial gage attached to a rod which spanned the hiypotenuse of the triangle

formed by the legs of the kuee. (Fig 5)

Changes in the aversge length of the moment arm were measured by

means of a "mirror gage". This comsisted of .a plumb bob attached by a
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fine wire to the outzide coxmer of the knee and a 1/100 imch scale equipped

with a mirror. The movement of the wire was measured agaimst the scale.,

Lateral motion of the kmee was measured either by dial gages refez-
enced to the fixed columns of the testing machine oxr by means of mirror

gages.

7. FLANGE AND WEB BUCKLING MEASUREMENTS

In order to detect local flange .and web bhuckling .of the rolled sections
before buckling was visible to the eye, deflection mezgurements were takem

at a mumber of umiformly spaced stations along each member.

Flange buckling was detected by‘mgasuring the relative displacement
between the fillet of the temsiaﬁ,fﬁamge and a point about 1/2 inch from
the edge of the compression flange. . Readings were takem with a dial gage
equippad with extem@ed §©imtS;of proper lemgth to spam the diagonal dis-
tance., The points were held firmly im punch marks at each gage station by
hand, and the gage was moved fromustatiamﬁto'station_forteach_set‘oereadimgss

The gage is shown schematically im Fig 22.

The d&splac@memtg of points on the center lime of the web with respect
'tO,ajlime across the tips of the flanges were measured With.auweb buckling
detector. . The detector was a dial gage attached at right angles to a steel
bar long enough to spsm:the flamges. (see Fig 23) The dial gage was equipped
with an_extem@er éoimt; As with the flange- buckling detector, thé gage was

hand held while readimgs wewe being takem;

.With both the flawge and the web buckling,detectors,,a,Set"ofireféménce
stations was maintained on sm wmmloaded section of beam as a check against

aceidental changes in the settimg of the dial.
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These readings were mot made on the 30WF108.

8. TEST PROCEDURE

In the conducting of each test, four phases of the test reguired

slightly different procedures. Those phases were:

(2} Initial adjustment of test apparatus and imstruments and

taking of zero readings.

‘(b) Elagstic vange logding with load and deformatiom readinmgs

controlled by & daflection criteriom,

(c) Plastic range loading with load and deformation readings

contrelled by a deflection criterion.

(d) Plastic raige loading after maximum load with a minimum

of deformatien readimgs.

{a) Imitial Adjustment

Prior to actual testimg, the lateral support tie bara’wefe positioned
g0 that after an inch of domeard.deflection.of;the knee they would be
horizontal. This would cause .a shortening of the tie bars. Consequently,
each tie bar was tightened to am equal initial tenmsile load so that tharawi

would be a met temsile load after some deflection.

Once the adjustment of the tie bars was satisflactorily achieved,
Jinitial readings wewe takenw of the load, all deflectiom gages, all SR=4

gages, and all rotation imdicators.

.{b) Elastic Ramge Loading

Load invrements of approximately 5% of the ealculated yield load

were applied during the portiom of the test im which the deflectiom of
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the ends of the legs amd the load imcreased proportiomzlly. .After each

load imerement had beem applied, all deflection, rotation amd SR-4 readings
were takem. At the completion of each set of readings, the specimen was
inspected for any signs of yielding. A coat of whitewash had been applied

to the specimen so that flaking of mill scale might be detected more easily,

. When flaking of mill scale did show some evidence of yielding, a note to

this effect was recorded and a sketch showing its location was made. Readings
of the flange and web buckling .detectors wexe taken at only a few of the

load increments during this part of the test since they did not show sig-
nificant changes. A rumning plot of 1oad vErsus deflection and rotation

was made duxring the test.

During thiz phase of the test, a reading of load and deflection taken
after the initial set of readings would shaw negligible difference from

those recorded at the start of the set of readings 10 or 15 minutes earlier.

This procedure was continued until the sp&cimen had yielded enough
for the load to become "unstable'" as plastic flow occurred and required
much greater amounts of straining to increase the load. Then the procedure

was changed to the plastic range procedure using a deflection criterion.

(c) Plastic Range Loading (Up to Maximum Load)

Once the rate of change of deformation with respect to load increased
significantly, it became obvious that the criterion for taking readings

should be changed.

Since a screw-type testingAmachine'Waslbeing,used, a given amount
of . deflection could be applied. Then after sufficient time had elapsed
for plastic flow to take place, the load would settle to a fairly stable

value., Deflection increments were axbitrariiy chosen such that the distance
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between plotted points on the 1oad-deflection‘plot‘waé about the same

as that during the elastic portion of the test,

Following the application of an increment of deformation, readings of
load, deflection, and time would be taken until the load changed less than
500 pounds and the deflection less than 0.001 inch after 54miﬁmtes. -Then
all deflection, rotation, buckling detector, and SR-4 gage readings werxe

taken. The progress of any whitewash patterns was also recorded.

In this portion of the test, it was frequently necessary to reset
dial indicators which neared the end of their travel. It was also nec-
essary to readjust the lateral support tie rods when excessive deflection
of the knee tended to increase the length of the tie bars. This produced
forces approachimg the capacity of the bars. The rods were loosened .and
the outer ends were slid along the lateral support beam, after which the

ods were tightened to a moderate load.

The "daform - wait - and read" procedure was contimued until the
maximum load had been rfached and the load started to drop off with con-
i
tinuing deformation. Ry this time most of the gages had reached their limits

and either were removed oxr the taking of readings was discontinued.

(d) Plastic Range Loading (Past Maximum Load)

After the maximum load was reached, the main points of interest were
to find how much rotation the knee could withstand, whether local or
lateral buckling would causg a catastrophic collapse, and whether any

welds would fracture.

The deflection increments were increased to 1/2 inch or 1 inch. Only
readings of load, deflection, time, .and lateral support force were taken.

.When the load fell below the predicted yield load, the test was terminated.
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3. THEORETICAL ANALYSTIS

To meet the requirements for performance of knees in structures, the

connection must be able to transmit the forces and displacements of the-

]

members joimed. Excessive shear deformation withinthe knee must be prevented.
The following chapter describes the theorgtical expressions used in ﬁhe

caléulation‘of the fq@ges,amd.displacEment§;> Expméssioné are also presented

for the reinforcemént required withinm the knee to prevent excessive deformationm.

9. YIELD MOMENT AND PLASTIC MOMENT OF CROSS SECTION

For useiés parameters in plotting non-dimensionalized curves and for
proportioning the knees, values of the yield moment, My, and the plastic

moment ., ¥y, are calculated for the rolled section,

| IyL4£) o . 9 OYL(£)
ﬁ ? ] | —
My Mp Yp
| Gyﬁ(W)
(a) (b) , (c) ,
‘Fig. 7

The yield moment due to the stress distribution in Fig 7a is
.The stresses used are the average tensile and compression coupon stresses.

for the flange. For use in preliminary design calculations, the plastic

moment , Mps Mmay be calculated as

Mp = oyZ ee (2)
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using the assumed stress distwibution in Fig 7b. However, for theéoretical
calculations, a more sceuwrste value may be calculated by comsidering the
difference in yield stremgth of the flange and web. (Fig 7c¢) We then

A\

obtain

My = oyney (47220 + Oyp(w) 22 vee (3)

where Z2 is the plastic modulus of the beam web.

.10.  CALCULATIONS CONSIDERING KNEE AS A STRUCIURE

o

P
] V =
3 Ma,
— b./JL a
i :IT
i L
"

|

/!

Fig'8

Considering the kmee gs & structure (Fig 8) the forces and stresses
are of interest at two cross sections, first at the edge of the rolled
section, distance "a" from the load point, and second at the haunch point,

_ distance "L from the load point. The loads P may be broken into axial
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and transverse components equal to 0.707P,

In the calculations made for these connections, it is assumed that
the comnection will be made strong enough and stiff enough so that no
inelastic deformation occurs within the knee in order that plastic
hinges will form at the end of the rolled section., The moment at
the intersection of beam and colummn center lines will then be slightly

larger than Mp.

11. FLEXURAL YIELD MOMENT

When the extrzeme fibres of the compression flange just reaches its
yield point at the irntersection of girder and column (section AA, Fig 8),

the stwess due to the combined axial load plus bending is:

. ﬁ P a 4 \IE P 4 P P
= e Y24 ) Ty S = ZL€¢ =
OyL{f) 2 S 2 A o T * A
Thus:
- 2 _OyL(f)
SOy s eul @
(:5 -I- K) | oo w &

Where,By is the load when yield stress is first reached in the extreme

fibers of the rolled section.
The moment at the end of the rolled section at this load is
Me(y) = % By & ceer (9

The moment at the haunch is:

\F

Mi(y) = 5 Py L o oo (6)

12, MODIFICATION OF PLASTIC MOMENT DUE TO AXTAL LOAD

At full plastification of the cross section at the edge of the
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rolled sectiom, there will be some reduction of the plastic moment

due to axial load,(é) The following is an amalysis to .determine the

‘extent of this modification upon the full plastic moment.

OyL(£)
> : zai
P 3
3 -
c e N
J
OyL(w)
Fig 9

A

B

In the asSsuwmed stress distxibution, there is yield stress across

these stresses. Assuming the axial thrust to be carried by a small

area of the web ngar the centroid of the section, (Fig 9) this area

can be calculated to be:

IS}

P =W ya S

Aa = g yIQ.(ﬂ

eos 7)

The bending moment must be carried by the remaining portion of the

crugs section. From the theoxetical plastic moment must be subtracted

the benhing resistance of the area carrying the axial force.

W 232 v
Zy
4
Mpe = Mp - Gyl@ﬁi Zg /

B

coo (8)

oo (9)

The reduced plastic moment may be calculated by assuming a value forx

P on the basis of full plastic moment at the end of the rolled section

and calcvlating the reduced plastic moment resulting from this.  Then
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by statics, the load P to cause this moment is calculated. If this is
not the same as the assumed losd, a new assumption is made and the process
repeated. Two trials will reduce the error to a megligible-amount in

most cases.

At the ultimate load, the moment at the rolled section is Mpc» and the

moment at the haunch is Mh(p) = Mpc L/a.

The wvalues of the theoretical moments for all the connections
tested are shown in Table 3. A comparison between the wvalues as com-

puted from Haﬁdbook properties and those as measured axre shown.,

The moments indicated in the Table are arrived at in the following
mapner : . The yield moment is obtaimed from Equation 1. The moment
-allowed by the AISC for elastic design-is obtained by modifying equation
5 by the factor 20/33. Egquation 6 gives the value of the haunch moment
at yield. The momentgat the end of rolled section is obtained from
equation (5). The full plastic moment is given by equation (2). The
modified plastic moment Mpc is given by equation (9). .We can_then.obtain
the ultimate moment at the haunch Mh(p) by increasing the modified

plastic moment by the factor L/a.

Table 4 shows the computed theoretical loads. These loads are found
as indicated below. The maximum load allowed by the AISC can be found

by substituting the allowable fiber stress of 20 ksi for oyr'es) in

equation 4. The yield load is given by equation .4 and the ultimate load

.can be found from equatiom 9.

13. . SHEAR STRESS IN RNEE

In an earlier report(l)i an equation was developed for the shear
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stress up to the elastic limit in a square knee without web reinforcement
My d
¢ = —L (1 - 'ﬂ;) cao (10)

The web yields when the shear stress exceeds 71y = 0.578 oy. Inves-
tigation of all the sections to be tested showed that the webs would
yield in shear at a moment loﬁer than the flexure yield moment.  Thexe=~
fore, additional reinforcement in the form of diagpnaljstiffeners or

doubler plates is required.

Expressions for the xequired reinforcement werxe developed in ref (1).

The required web thickness is given by the equation,
= 2 f
wr = .1.75 8/d. soo (11)

If the web thickness is less than this, either the thickness should be
increased to this thickmess by doubler plates or diagonal stiffeners

whose thickness is given by,

ts .= l‘z 2

s .
b (‘”d

I

) ceo _(12)

These required stiffenmers weére calculated for all the knees. However,
the actual thickness used was equal to the nominal flange thickness which

iﬁ_every case was greater than the minimum required stiffener.

The shear stress in a knee with a diagonal stiffener may be calcul-

ated from the equations. developed in reference 7. (See Appendix B)

«
|

-fe = K3%d(1-d/L) G : oo (13)

where

1 ,
wGd + tsbs E coo (14)
2 V2
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The critical web shear stress for buckling without .diagonal

‘gstiffeners may be calculated from the equatimm:(a)

2
= T _E .
Tex = Ks _T§~KI§@2) (w/d)z eoo (15)
where
Kg = 14.48 for fixed edges
Kgs = 9.34 for simply-supported edgés

Since the haunch portion of the knee is assumed to remsin elastic with the
diagonal stiffener, this formula gives an indication of the shear stress
which is required for elastic web buckling to occur. Table 5 ghows the
theoretical shearing stresses and the required web reinforcement as

obtazined from the above formulas.

The shear strzess at yield and ultimate.momentsg in comnections. without
diagonal stiffencis, is computed from equatiom 10. The critical web
shear stress for buckling is found from Equation (l5)7 The shear stxess
in the haunch when the diasgonal stiffener is present was obtained from
Equation (13). The required konee reinforcement is found from .equations

11 amd 12.

14, FLANGE STABILITY

Data from a program on inel;stic instability has shown that flanges.
subjected to bending yield stresses wili not buckle locally until aftex
strain hardening strains have occuxrred as long as the b/t ratio is no
greater than 170(9) Of the sections considered, only the 14WF30 exceeded
this (b/t = 18.52) and could be expected to exhibit local instability

before strain hardening.
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15, .DEFORMATIONS

To determine whether the comnections meet the requirements for £he
performénce of knees in stiructures, it is necessary to compute the
theoretical deformations that occur when yield stress is first reached
in the outer fibers. The following section describes the theoretical

expressions that were wsed in these computations.,

Equations given in References (1) and (4) enable the corner
rotdtions and deflections of the knees to be calculated.* In the elastic
range the rotations amd deflections for these particular knees can be

obtained in the following manner:

M L~d) 1+ K2 ,

QKUEQ = _..d % (L,,_.d 2) ( k3 + E AF . ) f o0 a (16)
where
1
K - - eoc e 17
2 1+ 2Y2 wd G ( )
’ ts, bs E
2

Mra 8L .
o vz, . (8
J~ 13EI 2 } (18)

The rotation, 82 legs> due to flexure of the rolled section over

lengths = of both legs is given by

My )
8y legs = EI T (2-z/a) ees (19)
Then the total rotation is given by a summation of the values determined

from equations (16) and (19), or

. ) . - o - G (D W O

% ‘See Appendix B
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QTY = Opee ©2 legs

R e 1.+kz) £,
oy = —3% % (Lwd/2)<k3 LVRU AR SIC r/2)‘}

eeo (20)

Theoretical rotatioms and deflections are shown in Table 4.
The values are shown for both measured and Handbook properties. . These

computations were obtained from Equations (16) and (18).
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4, DESIEGN AND FABRICATION OF KNEES

Once the members to be connected have been selected, the detailed
design of the knees can commence. .The connection must be proportioned
80 that it can transmit the forces and moments from one member to the
other. The pieces must fit together, it must be possible to apply the
welds, and the member must be as economical as possible with,regard to

welding and comnection materials.

.16, .STIFFENING FOR THE KNEES

It would be an ideal situation if all that were required to make
auéonnection.would be welding the two members togethexr.  However, the
large farces which are imposed perpendiculaxr to the axis of one member
by the action of the adjoining member, require that measures be taken
to increase the resistance of the member to these pexpendicular forces,:
Web.drippling due to the effect of concentrated flange forces is pre-
vented by vertical and diagonal stiffeners. The tendency for large
deformations to occur due to shear yielding of the web in the vicinity
of the intersection point of the two members is resisted by the diagonal
stiffeners. The flange force of one member on the outside of the corner
is carried to the web of the other member by an .end plate. The factors

considered in the selection of stiffener sizes axe given below.

a. End Plates

End plates are used at the end of the beam web to prolong the

outer flange of the column to meet the outer flange of the beam.

Basically, the end plate must have the same load capacity as the flange.

Two types of end plate were used, (Fig 10 and 11) depending on the
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manner of transmitting the column flange force to the emnd plate.  The
selection of the type to be used is egsentially a matter of economy.
Where d@o.great a lap joint 1s required, it is more :&conomical to use

a butt weld.

On the 14 inch and 8 inch knees, the .end plate was lapped over
the column flange with enocugh length to develop its strength_with'fillet
welds on the ‘end and the two sides. It was necessary to make the plate
about 3/4 inch narrower than the flange width to allow room for the
fillet welds, To obtain sufficient area, the plategtﬁerefore was,mgde
somewhat ¢hicker than the flange. The length of overlap was determined

by the length of fillet weld needed to develop the plate strength.

.On the 24=-inch; 30-inch and 36-inch knees, it was found that a
lap joint would necessitate the use of extremely long end plates in
oxder to develop the strength of the plate by fillet welds. (Tabié 6)
Therefore, the comnectioni of the end plate to the column flange was
degigned for a wingle bevel butt weld. 1In this case the plate was
made the same width and thickness as the flaﬁgés. ‘The plate was

fastened to the beam with fillet welds along the web and inside of

‘the flanges and along the emd of the outer flange.

" b, Diagonal Stiffeners

An equation given in Reference (1) suggests a value for the

minimum required diagonal stiffenexr for a square knee.

. d .
ts = \g(%- ‘f\r—g-) . (12)

where
wp = 1.75 s/d” ve. (11)
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This value was calculated for all specimens, but the size actually used

was the nominal flange thickoess which was bout twixe the required value.

c., Half Depth Vertical Stiffeners

Vertical stiffeners were considered desirable in the beam at the
end of the column innmer flange to distribute the golumm flange force to
the beam web and stiffem the beam web against crippling. Earlier tests
had shown po particulaz improvement in behavior of full depth stiffeners
over half depth stiffeners so half depth stiffeners were selected.

Since the force in the stiffener would all theoretically be carried
into the web by the welds by the time it reached the far end of the
vertical stiffener, the stiffener could be tapered down to zero width.

at the end. However, the actual shape used is showm in Fig 1.

A typical design of one conmection is shown in Appendix A. This
indicates how the component parts of the knee were chosen once the

8izes of members were knowm.

'17.. DESIGN OF WELDS

Welds serve as a means of uniting the two pieces of metal joined.

The size of the welds must be sufficient to transmit the forces from
one membexr to the other, Thaitype of weld used .depends on the shape
of the membars at the pmint they are to be joined, the amount of
preparation of surfaces required before welding, the amount of weld
metal to be deposited, and the ease with which a particular type of
weld can be placed in the possible welding positions for that weld.

A weld must be desigmed so that it is possible to be applied,. and

should be designed so that, by use of the proper welding proceedures,
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distortion of the weldment can be minimized.(lo)

The connectioms used im this program were desigmed with the
intent that they should be satisfactory for either opening corner or
closing cormner load conditions. This meant that certain of the welds
were required for only one of the load cases since in some cases

load could have beem carried to a stiffener by bearing .alone.

In the design of welds for conmections proportioned to carry
plastic moments, stresses at or lower than the yield strength of the
weld metal can be tolerated at the maximum load. 1In butt welds the
forces are carried in compression or tension, and are limited by the
tensile or compressive resistance of the base metal or weld metal,
depending on which is least. .This is taken as 33 ksi in plastic
depgign., In fillet welds, the critical stress is the shear stress on
the minimum throat area. The limiting shear yield stress is about
57.8% of the tensile or compressive yield stress. For plastic design
purposes, however, the limiting stress assumed is 22.4 ksi which is
33/20 of 13.6 ksi, the allowable shear stress for elastic design.
This procedure was followed in ordex that the same overload factor
which was applied to the normal stresses could be applied to the
shear stresses. A brief deSCEiption of how these principles were

used in the design of the test specimens follows.

2. .Column Web Fillet Welds to Beam Flange

The column web fillet welds (see Fig 10) were designed to develop
the combined tensile forces. of bending and the most severe axial
load component in the web and the shear force fwom the transverse

component of load. This is the only weld which is larger for plastic




205C.21 24

design than it is for elastic design when the same over load facﬁér is
used. The reason for this is that in elastic design the maximum stress
-occurs only at the ends of the fillet weld, while in plastic design the
maximum stress is uniform all along the length of the weld. The weld

gize was found from the expression

= .Force per inch
0.707 X 22,400 ... (21)

where Force per inch is the resultant vector of the tensile force per

inch of depth of web and the shear force per inch of length of weld.

For the large size connections, the use of a fillet weld required
a large volume of weld metal and as many as 13 passes in welding, but
in this case it was prefewred as against the preparation of the web for

a butt weld.

b. Weld to Connzct Inner Flange of Column to Inner Flange of Beam

These welds were designed first as fillet welds which would develop:
the plastic flange force ﬁhen,the corner was subjected to an opening
ccorner load condition, .The results obtained were satisfactory for the
8Bl3 and 14WF30, (see Table 6) but in the case of the large size
members (24WF100, 30WF108, and 36WF230) the size fillet weld rqquired
was so large that it was more feasible to use butt welds for these
:' larger members. .Fig 10 shows a typical butt weld that is to be placed
at the veentrant corner. The size filiet weld required was found

from

Flange Foxce
0.707 X 22,400 (2b-w)

oo (22)

where the flange force is oyLf Af
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c. End Plate to Beam Web

These welds were designed as fillet welds to transmit the plastic
flange force from the flange of the column into the web of the beam
by shear. (Fig 10 and 11) The size fillet weld required was obtained

from the following expression.

Flange Force eee (23)
0.707 X 22,400 X 2 (d-2t)

Since most wide-flange shapes do not have sufficient web thickness
to resist the full plastic flange forece in shear, these welds need only
develop the web shear strength. _The'unbalance in the flange force 1is -
then transmitted to the diagonal stiffener. These welds will be some-

what smaller when this procedure is followed.

".d. End Plate - Lap Joint to Flange of the . Column

For the small size sections (8B13 and 14WF30) a lap joint was used

to transfer the plastic flange force from the column to the end plate
"and then into the web of the beam. (see Fig 11) The lengths requirxed
were reasonable and it was feasible to use a lép joint to develop the
flange force., But in the laxger $Ection,the length of lap joint
réduired to develop the plastic flange force was uneconomical to use
and a butt weld was used instead between the end of the colummn flange
and the end of the end plate, (Fig 10) since the section through the
throat need be only the thickness of the flange. The length lap

joint needed was found from

Area of Weld
0.707D .o (24)

Flange Force : .
22,400 «.. (25)

where Area of Weld =
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e, Diasgonal Stiffemer to the Flanmges at the . Cormerx

The force inm the diasgoval stiffener is found frem the equation
ATy = ‘ :
K2 bt \2) = Fg. eoo (26)

where Kz is glven by (Eq 17). The size fillet welds needed at the ends
of the stiffemmrs to stisch them to the flanges, end plate, and vertical
stiffensr (see Plg 10) iz then computed wsing a 45° fillet at that point

o

D = Diggonal Stiffener Force .. (27)
T 22,400 X 2(b-w) cos 221/2°

Sinee the theoretical force carried to the diagomal stiffener
by the fillet welds at its ends would shorten (pz lengthen) the
stiffener the sawe amount 58 shortening of the beam web along the same
diagonal lime due to shear, only 2 minimum fillet weld is requised
between atiffener 22d web plate. This provides stiffening against
buckling of the web wsd stiffenefgo The minimwm fillet weld provisions

of the AWS building code wewe followed.

f. Fillet Welds for the Half-depth Vertical Stiffemers

The sssumptions made arze (1) that the maximum possible flange
force must be borms by the beam web and the half-depth stiffemers,
(2) the concentwated load Is distributed to the web on plames bounded

by 45° angles From the point of application of the load. (Fig 12)

R o (8
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The force carzied by thE web of the beam is then
Gy{d«‘w) (tf’ + 2!() Wo 0 (28)

The forege in the vertical stiffener is the difference of the maximum
possible flange force amd the force carzzied by the web., The size of
the fillet welds iz then computed using an effective léngth of weld of

(d/ 2 » k)

-
_ Force iz kalf-depth stiffeven A
D= 4% 0.707 X 22,400 (3/2 - ) vee (29)

Thel weld compecting the gnd of the half-depth vegptical stiffener
to the bedm flange was arbitzarily made similar to the weld,conneéting
the column flange te the beam flange. . For a comugction designed to
take omly & compression type losd, it would be sufficient to provide
o mimimum fillet weld. YHoweves, fof a tension type Ia&dimgs the

flange force is gdesumed to be trangferred to the half depth stiffemer.

18. A COMPARISON BETWEEN. PLASTIC AND. ELASTIC DESIGN OF. WELDS

In proportioning welds for these A-7 steel specimens, the design
forees #@ré based on_thé yvield stress icy) of the base metal (which is
taken ws 33 ksi). and the yi@ldﬁgﬁﬁess.of the weld metal is obtained by
incregsing the allowable stﬁésges~by the factor 33/20 = 20 ksi for

butt weld and 33/20 x 13.6 ksi for fillet welds.

If the design of weld for @ particulgr test specimen is based
on the measired ¢ross section and strength of section ag determined
jby.d@ﬁponsAwhile usinmg 33 ksi for butt welds amd 22.4 ksl for f£illet
welds, it is found that for sectioms having a yield stwess greater tham

33 ksi, lgrger welds are needed for plastic design than zre needed for
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elastic design, This is due to the incressed stwengih im plastic design

due to the higher yield lewvel.

However, in praciice ome is mot allowed this ifncresse due to the
higher yvield. . And when the same factor of safety is used for both
elastic and plastic design, the only weld which is larger by plastic

degign is the column web fillet weld to the beam flasge.

Table 6 shows a compzzizon between elastic and plastic design for
size of fillet welds nmeeded based om handbook properties. The size weld

actwally used {3 also shown.

A compazison between plastic and elastic design of the welds for

the 24WFLO0 conmection is shown in Appendix A.

19.  WELDING SEQUENCE

Caveful attention to the welding sequence is importdnt im any
welding job. For ecomomy's sake, it is best to try to perform .as much
of thewlding a3 possgible in the flat or horizomtal positiomsg, restricting
the use of other positions when necessary to small welds. 1In doing this
it is also desicable to have as little handling of the material being
welded as possible. Welding sequence is also important from the standpoint
of induced st»esses and distwrtion. By the use of proper procedures

These may be contwzolled to a reasonable degree.

The sequence used for welding the larger comnections tested are as

follows:

The component parts of the commection were placed so that as much

welding as was possible could be done making downhand passes. This



205C. 21 | =29

required curning and rolling the members as the commection was fabricated.
Also a certain sequence wasg wused when welding component parts of the

kriee to minimize the distortion that could oceur thry welding.

Pleces of the commection were first tack-welded bo keep alinement
and then the welding was completed with a block sequence by welding
alternately as indicated Im Fig 10 so that the distortionm effects of

shrinkage would be at a minimum and thermal cracks in welds avoided.

The following is sn example of how the test commections were

positioned and welded to comply with the above proceduses,

The beam was first set upright on the end plate and short down-
hand fillets placed as indicated in Fig 10 along the web., The fillets
were also placed at intersections of the flanges and plute. The beam
w&s then placed on the floor im its normal position anmd the cormer

weld placed, as iadicated iz Fig 10 section a-3.

The vertical half depth stiffeners were positioned with the beam
in its normal position amd then vertical fillet welds were placed to
fasten the wvertical stiffevers to the beam web on;éither side. Root
paéses for the single bavel butt welds were placed from inside the
stiffeners. .After chipping out all weld metal form the grooves, the

single~bevel butt welds were made in the horizontal posgition.

The beam was then rolled on its side, the diagonal stiffener was
placed, and downhand fillet welds were made alomg the stiffener and
beam web, with welds placed alternately in short sictions as indicated
in Fig 10. The beam was rolled and the other stiffemner was welded.

Forty-five degree vertical fillet welds were then made at each end of
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the disgonal stiffener to comnect it to the beam flanges, end plate and
vertical half depth stiffemem. The beam was rolled back amd the procedure

repeated for the othewr side,

The beam was mext laild on its top flange amd the columm set in
place on the bottom flange. The comnection of the column web to the
besm flange was made by means of fillet welds made in the horizontal
position using & block sequence as shown in Fig 10. Fillet welds were
placed at the ipside of the column flanges to sexve as a root pass for
the single-bevel groove welds connecting the column flanges to the
beam flanges. After chipping 2ll weld metal from the bevelled groove,
the butt welds were placed outside the groove, the butt welds were placed
outside the flamges, (¥ig 10-B and 10-C) welding first the center third

and thena the two cuter thirds by the back-step method.

The above procedure was typical for the 24WF100, 30WF108, and
the 36WF230 comnectionms. For the 8Bl3 and 1l4WF30 the procedure was
slightly different due to the fact that a lap joint was made to develop
the stwength at the end plate instead of the butt weld wsed for the
larger size members. .Also fillet welds were used for the colﬁmn flange

connection instead of butt welds as is indicated on Fig 11.

Since the members being connected were small and could be handled
with ease the welds were applied in the block sequence shown im Fig 11.
Opposite welds were applied in succession by turning the connection

after esch short weld,

It was not felt necegsgry to uwse a preheat or low hydrogen
electrodeg on any of the comnections fabricated. The recommendations

given in reference (4) were followed in determining the welding procedurxe.
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“"For plates and shapss in all thicknesses up to and including 1,
use A7 steel without preheat or low hydrogen electrodes.  For plates
and shapes with thicknesses over 1" and up to 2", A-7 steel can be
used without preheating oxr using low hydrogen electredes, if the mill

w (&)

report shows the carzbonm eguivalent to be less than 0,43%".

The only shape used in the fabricated connection which had a
thickness greater than 1" was the 36WF230. The mill wepoxt of this
shape showed it to comtain 0.19%C and 0.707M. This gave a carbon
equivalent of 0.31%, so it was considered unnecessaxy to use a preheat

or low hydiogen slectrode.

Table 7 shows the chémical pooparties of the rolled shapes used.
These were obtaimed from the metallurgical report of physical and
chemical tests. The type of electrodes used for welding wexe E6012
{(3/16,5/32) for poor fitup in all positions and E6020 (1/4, 3/16) for

horizontal fillet and flat positions.



205C.21 ' =32

i i o - - — . —

The resuléis of the experimental investigation are reported

20. MOMENT-DEFLECIION RESULIS

In Fig 13 the cuxves of non-dimernsionalized wvalues of'y@ vs =
My 5y
are given for all the compections tested in this series. The values of
M, and gv are computed from the theoretical considerations as presented
earlisr in thig report, using coupon data and actual cross section

measurenants to determise thelr value.

The baunch moment, My, i3 computed at the intersection of the
neutral lines of the adjoining members of the conmnection., (Fig 8) In
all curves, the moment has been coxrected for the measured increase in
moment arm due to the deflectionm between end pins., The deflection
between end plns of the commections was measured by a gage as indicated

in Fig 5.

The predicted values for M,, Mp, and My of ‘each commection tested

fall within the bounds indicated along the ordinate.

The load at which yield occcurred in the knee web due to the shear
force is indicated by the symbol 8" im Fig 14. Compressive yield of
the flanges i3 indicated by the symbol"¥", The points at which yield
occurred were obtained by cobserving the flaking of mill scale as
revealed by the whitewash coating. The loads at which local buckling

cccurred are indicated im Fig 14 by the symbol "L". This point was



205C.21 -33

obtained by the buckling gages that\were employed.  The theoretical curves
were obtained from equations 6 amd 13. These values are¢ not shown for
the 30WF108. Since this connection was tested as a short duration dem-

onstration, a2 complete set of data was not taken.

Fig 15 shows the behdvior of the 36WF230 cormer commection. The
condition of the commection at different stages of the test is indicated
by photographs im the upper portiom of the Figure. The corresponding

point is located on the non-dimensional curve of moment versus deflection.

21. MOMENT~ROTATION RESULTS

In Fig 16 the non-dimensionalized curves of gﬁ\‘vs 81 are shown,

@r is the total wotatiom experienced by the kmee portion of the comnection
in the vicinity of the junction of column and beam as shown by the sketch
in Fig 16. This rota;ion_was neasured by wotation indicators using dial
gauges as shoum:q_i\:m _F’:ﬁfg'; 6. Theoretical values for Mp, My (¥)? Mh(p) and

M, 11 for the commections tested are indicated along the ordinate and fall

within the spread indicated.

BREY

,Separate(M—rotation curves for the "elastic" range and for the
first portiom of the plastic ramge are sméwn in Fig 17. 1t also indicateg
the points at which shear yield in the web, compressive yield ot the flange
and local buckling of the connection occurred. ‘

The theoretical curve represented by the dashed lime was obtained

from equations (6) amd (16).

The abowve figures indicate that the comnections were able to

rotate through an asdequate angle before failure.
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Although shear yielding in the web of the 24WF100 began at a

low ratio of My/My this had little effect on the behavior of the

connection.,

22. PLASTIC BUCKLING AND LATERAL .SUPPORTS

Figures 18, 19, 20, and 21 are photographs showing the conmections
in the vicivity in which the plastic hinges formed. Yielding in the
compression flamge, web, and temsion flange is indicated by the daxk

lires in the white-wzsh caused by flaking of mill scale.

Table 8 shows the magnitude of lateral forces that were present
at certain stages of the test, These stages are indicated im the
footnotes of the Table., In oxder to prevent: buckling of the lateral
support rods, they were pretensioned and maintained under tension
during as much of the test as possible. The lateral forces were measured

by dynamometers which were placed in the lateral support system,

Figures 18, 19, 29, and 21 show the general mode of failure for
the commactions. After considerable yielding, the compression flanges
tended to buckle locally in a wave-like formation. .As the Load was
increagsed, one side of the flange tended to buckle more which in tufn
forced the web to buckle and caused the faillure at the connection.
Local buckling of all commections occurred simultaneously with lateral
buckling. This was determined by observation of the various buckling

gages and careful inspection of the specimen.

.Web buckling was detected with the device shown in Fig 23. The
corresponding local buckling curves obtained'for the 36WF230 are also
shown in this Figure. Flange buckling was measured with the gage indicated
on Fig 22, The local buckling curve of the beam flamge of the 36WF230

connection is also shown in Fig 22.
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6. DISCUSSION OF RESULTS

- e N m— s o e e — — — o . — -

In the following paragraphs, the test results are discussed for
each commection tested. The primary reason for this study was to
determine if the results obtained for Phase I (series of tests of
corner connections of ome size having .different design details).(l)

would hold true for connections fabricated of larger rolled sections.
8BL3

This commection was tested under Phase I. The connection was

able to develop the sdxength.and rigidity required. It was capable of
-developing the Mp-value and of carrying it through large"%btations.

rom Figs 13 and 16 we can see that the connection was able to sustain
a rather large deformation and rotation. It followed the theoretical
predicted curve with reasonable accuracy until the yield moment was
reached. It was only after considerable yielding that plastic local
buckling started in the flanges. This was accompanied by a simultaneous

lateral buckling which eventually caused failure.

.As can be seen in Fig 16 and Fig 18 the diagonal stiffemer
provided sufficient stiffness to prevent serious shear deformation.
In Fig 18 which was taken at failure, yielding due to the shear force.
still occurred as can be seen by whitewash pattern. These results are

given for comparison with the other connections tested.
14WF30

This was the first specimen tested in Phase II (size effect series).
As observed from Fig 16, the connection was capable of developing the

plastic moment and was able to carry it through a rather large rotation
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before the moment started decreasing. In Fig 17 the moment-rotation
curve shows that the commection started to deviste much soomer from
the theoretical elastic behavior, based on coupcon stress and measured
cwbss‘sectiono than the 8Bl3, 24WF100, or 36WF230. In Fig 13, the
moment vs deflection curye shows that the commection was capable of
sustaining 2 defiection cuwrvye shows that the comnectiom was capable
of sustsinimg a deflection of approximately 7 times that predicted at
theoretical yleld. The fiwst local buckle occurred shortly after
general yieldimg and accompanied a slight drop in moment. Howewver,
the moment continmued to build wup even after local buckling, and the

plastic moment wae exceeded.

The faillure of the specimen was caused by the local buckle which
formed outside the knee, This occuxxed in an unsymmetzrical mﬁnner as
can be seen in Fig 19. Lateral buckling was not detected during the
test of this specimen. This behavior could be expected due to the b/t

watio being greater than 17.

Since yielding results in a reduction in stiffness, lateral support
is needed to develop the strength and xigidity of the connection. That
it was adequate is indicated by the dévelopment of:M? and the deformation

that it was able to sustgin while carrying the plastic mement, without

lateral buckling developing.

The whitawa§h pattern observed in Fig 19 indicates that some
yielding takes place dwm: to shear forces in spite of the excess web
stiffening. Flg 26 shows the comnnection when the first shear yield

lines appeared.,
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24WF100

A

)

s2en by Fig 16 the commection was able to sustalan g xather
laxge motatlon smd also develop the plastic moment of the wolled
section. ‘The shear yield fn the web was observed gt spproximately
half the value of Mh/M? that the other connections exhibited. (Fig 17)
This was possibly due to the 24WF100 having proportionally the smallest
web srea. Another possibility is greater residual stresses in members

or possibly stress concentwations and residusl stresses from welding.

In Fig 13 the moment-deflection curve is shownm. It can be seen
that the conmection was sble to withstand a wather lerge deformation

without zny weld fracture oceurring.

.Fig 27 shows the commection when the first shear yield lines were

obsuirved.

A well defined vield point was not obserwed; this is the case

with most structural members as was pointed out in Reference (1).

Local buckling of the beam flange (Fig 20) was followed by an

immediaste imcrease in deformztion.

The laterxal support canm be concluded to be adequate since the
connection was able to rotate and deform through .a relatively large
range. This was also accompanied by an increase in plastic strength.
The latersl forces present after the mechapism had formed and .at the

mgximum moment sre shown in Table 8.

30WF108

This comnection was not a part of the program originally planuned

for the "size effect" sexies. However, the results obtained from
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testing it as a demonstration gives an opportunity for making amother

comparison with the measurements taken,

It can be seen in Fig 14 that the connection followed very clogely
the predicted theoretical results. It was able to sustdin a moment
exceeding the plastic moment through a deformation of about 10 times
that at the predicted theoretical yield (Fig 13). The actual rotation
of the connection was somewhat less than the theoretical predicted
value.according to Eq 21. However, the connection was able to sustain

a rotation of approximately 10 times that predicted at yield.

The resson for the apparent .deviation of the 30WF108 ‘as compared
to the other comnections was probably the effect of the position of
thé.rotatipﬁ indicators. The indicatbrs were attached to the conmection
in the middle of the commection as shown below: (Fig 24a) Bending of
the 30WF108 web would tend to misalign the rotation indicators giving

‘an apoarent change in reading greater than the actual rotation.

d/4 * °
¥
'y
/2 ' ' d-\ 2k

[ 4
b

B

(8) ' (b)

Fig 24

The other connections tested had the rotaton indicator attached to

the compection very meax the flanges (Fig 24b). Bending of the web
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would have less effect on the indicators when placed im this mamner.

No dats was taken on sheaxr yield in web, compressive yield in

flange, or when local bucklimg first occcurred.

The lateral support was more thanm adequate as can be seen by the
large’rbtatiom.amd deflection that were possible while the moment was

equal to or exceeding the plastic moment.
36WF230

This largest coamection in the series was capable of sustaining
the gregtest rotation and deformatiop (Fig 13 amd 16) while developing
the plastic momemt. It followed wury closely the behsvior of the
24WF100 for a comsiderable distance in both rotation and deformation.
The commection was capable of withstanding a deflection approximately
lS‘times as greal as gyw based on coupons and messured secticn. Tﬂe

rotation was gpproximately 10 times that of Qy.

TLateral support can be assumed to have been adequate since the
connection was able to sustain a larger rotation and deflection than
.any of the others tested. No difficulty was encountered in reaching

the full computed plastic moment and excseding it.

Local buckling (Fig 21) of the girder was symmetrical and was
thus favorable to am increase in load. It was only after rather large.
deformation that lateral imstability followed and wltimate failure of

the conwection was brought about.

Yielding in the knee web due to the large shear strainsg that
occurred in the knee web as the connection deformed, caused the half-

depth stiffener to be bent (Fig 25) in the direction of the end pin. .
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The point of shear yield in the web was very close to that of

the 14WF30 snd 8B13. The yield lines can be seenm im Fig 28.

-40
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The following obsexrvitions Summarize the;elastic behavior of

the conmections:

(l) Agfeememt with the thEOréticgl_momentadefiection,and.momgntﬁ
rotation behavior im the elastic range was fair. (Fig 13 and
16) The .effect ‘of the shear yield. lings which were observed
-at -a very low load while teB&ing(the 24WF100 can be seen in

Fig 13.

(2) Yielding ofvthe Web,of the knee due to the,shgér forces
occurred at a load comsiderably lower than the predicted

flexural yield. (Fig 14 and 17)

(3) Flexural yielding of the flanges occurred at a lower load
than predicted. (Eig 14 and 17) A well-defined yield point
was. not obgerved on any of the connections tested.. (Fig i3v§nd
16) Presumably the premature yielding occurred ds a result

of residual stresses, shear yielding, apd stress concentrations,

(4) None of the observed deviations in the elastic portion of
the. test had a detrimental effect on the ability of the

.connection te carry load or reachgits’MPrvalue.

- In the plastic range, the following general observations of the

-behavior of the knees were made:

(1) All commections reached the predicted plastic momént at the end
of the rolled section, and exceeded it by 7.5 to 22%. This can be séen
in Figs. 13 and 16 which shows the predicted ultimate moment in. the

haunch whéen this cccuxrred.
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(2) Sufficient rotation was attained near maximum plastic moment aftexr
the formation of plastic hinges to have allowed redistribution of ‘moment

if the knee were part of an indeterminate structjure. (Fig 16)

(3) Strain haﬁdaﬁdng occurred almost immediately after the plastic

hinge moment had been reached in each case and thps allowed an increase
above the moment predicted by simple plastic theory. This narmally occurs
in flexural members with steep moment gradient, However, the 14WF30 |
which did exhibit local instability before strain hardening could not
sustain the increase in moment through .a very large »otation or

‘deflection, (Fig 13 and 16)

(4) After exhibiting sufficimmt strength and rotation capacity to

meet the requirements for connections, all connections b@t thé 14WE30
failed by lateral torsiomal buckling in combination with local buckling
in the web and flanges. The lQWEQO, which has a b/t ratio greater than
17 failed primarily due to local buckling. (Fig 19)

(5) The lateral support forces required to prevent lateral buckling
,ghtil the members reach their maximum load are very small. In no case
did these foxces exceed more than 1 to 2% of the force that would be
required to yield the main member if it were loaded axially as a stub

column (Table 8).

(6) There were no weld cracks or failures, even after straining the
knees much more tham the amount necessary to merely reach maximum load.
It was not necessary to use heat treatment or low hydrogen electrode

to fabricate any of the commections.
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From the results of these tests, the following conclusions can be
drdwn about the effect of size of rolled shape on the behavior of straight

corner connections:

(1) The behavior of straight welded corner connettions joining
rolled wid-flange shapes is not affected by the size of member., (Figs

13 and 16)

(2) All the sizes oE connections are able to develop the full

plastic moment of the rolled sections joined. (Figs 18, 19, 20, and 21)

(3) The stiffness of the knees is approximately the same as was
computed theoretically. It can be seen from Fig 15.that the observed

rotation was only a few percent greater than predicted.

(4) Connections of large size members are able to absorb a reason-
able amount of further rotation at near-maximum plastic moment provided
adequate lateral support is funished to prevent premature failure of

_the knee. (Fig 16)

(5) The magnitude of the lateral support forces necessary to
assure satisfactory strength and rotation capacity are relatively small,
These forces are so small that the size of bracing members will likely

be determined from slenderness considerations rather than strength (Table 8)

(6) Welds designed for a stress of 33 ksi in tension or compression
and a stfess of 22.4 in shear at the ultimate load of the structure have -
sufficient strength to allow the connection to reach the plastic hinge

moment. .

(7) Proper welding procedures planned to minimize distortion of
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weéldments along with careful inspection of the welding will assure the
‘development of plastic hinge without premature fracture of the welds in

A-~7 structural steel,

In general the increased size of the rolled members joined has no
adverse effect on the overall behavior of rigid knees, and places no

restrictions on their design.
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NOMENCLATUER E AND TERMINOLOGY

sy cmrw e R G WD Gmn  CHE Cme ) e - — e e e D G e cwt

Axes of Bection
Area assumed to carry axial thrust
Distance between péint of inflection.énd Junction of rolled
beam and commection.
Area of web
rea of ona flange
Equivalent stiffener Area
Flange width
Total width of stiffemnen
Size of fillet weld
Depth of section
Young's modulus of elasticity
Flange force
Force in stiffenew
Shezring modulus of elusticity
Moment of inertia of section
Distance between the point of inflectiom and the haunch point,

Bending moment of amea carrying the axisl load = oy Z4

"Haunch" moment subscript y refers to moment at yleld; subscript

p refers to moment at reduced plastic moment.

YHinge" value of full plastic moment; the ultimate moment that

can be reached at a section according to the simple plastic
theory oy Z
Reduced plastic moment due to axigl load

Moment im a conmectiom at junction of rolled beam and commection
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My = Moment at which yield point stress is reached in the wolled
sectlom Oy gy S

P = Losd opn koee

Py = Load when yield stress is first reached in the extreme fibers of
rolled section

¥ = Distance from end of koee to point of rotation measurement

S = Section modulus of besm

t = Flange thickaess

ts = Stiffener thickness

w = Web thickness

we = Required %eb thickness

¥ = Tramsverxse shesgr force

Ya = Depth of web that carries axial force

'Z = Plastic modulus; the combined statical moments of the cross~
sectional aress gbove and below the neutral axis. Subscript:"a"
refers to greg cawrrylng axlal force, subscript "2" referxrs to
plastic modulus of web.,

=  Rotation in connection due to bending

[
|

= Rotation in connection .due to shear
= Deflection

® = Rotation (subscript .""I" refers to total rotation within a rotation
indicator "y" wxefers to rotation of knee at yield)

¢ = Direct stress (bending): oyl = lower yield - point stress;
subscripts "f'" and "' refer to flange and web.

T = Shesr stwess

® = Average wnit rotationm

W= Poisson's ratio
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Haunch point: The intersection of the extended_c@nter lines of

girder and columm.

Rotation capacity: The ability of a structural member to rotate

under near-constant moment.

Yield Lines: Flaking of mill scale following the formation of

Ludex's lines as revealed by whitewash.

Plastifdcation: The development of full plastic yield of the

cross~section.

Plastic Hinge Moment : The ultimate moment that can be reached at a

section according to simple plastic theory.

Ultimate Load: Maximum possibile load that the structure can

sustain.
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11, APPENDIX A

“Saméle calculations from the analysis of 24WFIOO.connection to determine
stress, theorstical deflections, and welds required using the equations and
concepts given im sections 9 through 12, and the handbook properties given

in Table 2.

‘A, STRESSES AND DEFLECTIONS

The commection has the following assumed proportions. (Fig A.l)

P/\El

P
Y /
% I - - - Yg— ——P/ \I-Z_
1§ ' . 24 WF 100
108" | e - @ =96 -
|
i
Y //}4
Fig A.l

1) YVield Moment and Axial Foxce’

The yield moment is found from Eq (1):

= 33 x 248.9
= 8,210 in-k

The plagtic moment of the section is found from Eq (2):

MP =Uyz
= 33 x 278.3
= 9,170 in-k

To determine the allowable axial force at first yield, the combined

bending and akial force formula is used

Q
il
ot
;
0=
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Therefore:

4 I 1l ,a %
33 = -2 =+ =
T2 %k A's
Hence from Eq (4):
_ 33 V2
Py T, 96
29.43 248.9

111.4 kips

The moment at the haunch can then be determined from Eq (6) as

Mp, = 5% (a + d/2)
= L1l-% . 108

N2

8,500 in-k

2y Ultimate Axial Force

The vltimate axial load is found by determining the interaction between
the plastic moment, Mp, of the section and the reduction due to axial load.

An wltimate value of P is assumed from which the depth of web, yz, (Fig A.2)

required to support the axial load is found.

Ya —_— -

WLl A

£ hY
Fig A.2
An an example assume P = 135k; then from Eq ():
' _ P
135

Y2 x 33 x 0.468
6.18 inches

-51
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The plastic modulus of this area is obtained from Eq (8);

W Yaz

T

Za=

Therefore the bending moment of the area carrying the axial load

My

"

UyZa_
33 x 0.468 x 60182
4

144.3 in-k

Mp - M,
9,170 - 144

]

Hemce: Eq (9): M

9,026 in-k

from statics Py = EZ;EES
a

N2 % 9,026
96

133 kips

Next assuming Py = 133 kips and repeating the process gives fxom statics:

Py =133 k

3) Shear Stress Without -Web Reinforcement

From Eq (10):

Ty = (1L - d/L)

|
o &|F
o
o

= 0.468 % 242 (1 - 24/108)

24,25 ksi

I

This exceeds 0.578 ¢y therefore additional reinforcement is required. The

shear stress at the ultimate load is

Mh ,
Ty = _._% (1-4/L)
. wd
where '
Py
.Mhp =5 (a + d/2)
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Hence:

Giving:

4) Required Reinforcement

Tu

]

10,150

-53

0.468 x 242 (1 - 24/108)

29.2 ksi

The required web thickness from Eq (11)

Giving:

The thickness of the diagonal stiffen

Vr

Wy

tg

ts

i;;s

d

3 x 248.9
242

0.749 inches

\P:
5 @

12 24

ers is then (Eq 12)

wd
ﬁ)

0.457 inches

(0.468) (24)
g o0

5) Shearing Stress at Ultimate Load With Diagonal Stiffener

From Eq (13)

and Eq (14)

Hence:

Il

K3 g%ﬂ (1 - d/L) G
1
wGd + Eg_%%,g
1 | ;
0.468 x 11.5 x 10° x 24 + 2248 X 1lé5i§§~30 x 10

0.453 x 10'5/k1p

0.453"
24 x 10

17.15 ksi

-5

x 10,150 (1-24/108) 11.5 x 10°
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6) Rotation of the Knee at Yield

The rotabion at yield is given by

Oy

where (Eq 5)
Mfy

Using Bq (17)

K2
Giving:
Therefore: Oy
Glving:

gy

7) Delfection Between End Pins at the

111.4 x 96
2

7,580 in-k

N

Y2 wdG

1+ = 12WCh

s bg E

[x3

1

2{27 x 0.468 x 24 x 11.5 x 107
1+ 9,58 x 11.53 % 30 x 103

0.458

_ 1,580 (108‘24){0.453 x 1077 +

!

24 (108-12)

(1 + 0.458) 3
12 x 0.775 x 30 x 10

it

0.00269 radians

Yield Load

From Eq (18)

Hence:

Giving:

-54

) Mr g 4 8L
3EL ¢ 2
_ 7,580 x 962 . 0:00269 x 108
3x30x10°x 2987.3 2

0.584 inches
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B. ELASTIC DESIGN OF WELDS

These welds are proportioned to follow Section 15.0f the A.I.S.C.
Specification at a load at which tha maximum combined stxess in the rolled
section at the edge of the connection is 20 ksi. At this point, the load
on. the connection would be 67;5 K (Eq 4) and the bending moment at the rolled

section would be 4590 in-k. (Eq 5)

1) Fillet Weld For a Possible Lap Joiﬁt,of End,Pléte to Flange of Column

Since the flange force must be transferred to the end plate, the area

of weld required is

A = Flange Force _ Allowable Plastic Stress x Plate area
13.6 Allowable Weld Stress
20 x 12 x 0.775
13.6
= 13,68 in :
Hence the total length of weld required is f
L= Area Jeld 1
- 0,707 D N §
N \
. N N
Giving: : E
N \
\ N
‘D= 3/8 inL =51.6 in, N \
N
N
D= 1/2 injL = 38.7 in. N §
/;_I_LI,///I 5
It is evident that too great a length of
" lap joint is required using fillet welds.
Therefore as a matter of economy a butt ‘
weld would be more suitable to use. Fig A.3

o/

2) Fiilet,Welds between Column Web and Beam Flange

Y
The tensile or compressive direct stress on the weld is

P/aN2
o 8L.5
D = Y7 x 24.98

1.622 k/in?

Q
o
1
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The direct force per inch of weld is then:

W

1.622 x 0.468
2

0:33 k/in

ARARRARRARRERRA RSN NY

The maximum force per inch due to bending -in the web

My
fm= 57

where

Mg = M-Mp

and
Mg

Moy

F(d-t)
4,590 - 186 (24-0.775) -

Giving: My = 280 in-k

Fig A.4
pa fm
3
L= d-2t >MW
!
. Fig A.5
Henéez 1 \////////
C3My 0\
fm 7 3z
3 x 280
= 22.452
= 1.664 k/in

The force per inch per line of welding due to shear

'EE {Z (d-2t)

Hence: £ 67.5

v T 2VZ x 22.45

1.062 k/in

il

fv

Giving:
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Therefore resultant vectox

R = \kfn + fP)Z + fy?
R = \(1.664 + 0.38)2 + 1.0622
= 2,30 k/in
Hence the size fillet weld required is
R
D= 0.707x 13.6
2.30

0.707 x 13.6

0.24 inches

Womirzl Size = 1/4 in.

3) Forty-Flve Degree Fillet Welds at Ends of Diagonal Stiffener

The force in the disgomal stiffener is givem by Eq 26

Fs = U2 xp % Flange Fozce
Hence': T
Fs = Y2 x 0.458 x 20 x 12 x 0.775

106.% kips

The force per inmch of weld

Ps
2b - w |
106.6 Fig A.6
= 24-0.468

Giving
= 4,61 k/in

Therefore the size fillet weld required is
Force per inch
D = 71276 cos 22.5°
4.61
13.6 x 0.9239

Giving: = 0.387 inches

Nominal Size 3/8 in.
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4) Fillet Weld for Web of Beam to End Plate

In sections 4 and 5 the expressions for the wequired fillet welds are not

derived.
of Welds).
Size of fillet weld required

D = Flange Force
2(d-2t) 13.6 x 0.707

femee . 20 x 12 x 0.775
2 % 22.45 X 13.6 x 0.707
Giying:
= 0,431 inches
Nominsal :
Size = 7/16 in.

5) Fillet Weld Required between Column

Size fillet weld required

Flange forxce

D= b 13.6 = 0.707
20 x 12 % 0,775
(24~-0.468) 13.6 x 0,707
Giving: 0.823 imches
Nomiwmal
Size: = 7/8 in.

To determine how these are obtained one cam refer to section 17 (Design

: JRE—
S
N
N
N
A =
//‘\___,———-—--
Fig A.7
—7
Fig A.8

Hence a butt weld would be more satisfactory at this point.

6) Fillet Welds Between Vertical Half Depth Stiffemer and Web of Beam

The allowable compressive force to

Py

be carried by the web is from Eq 26
24w (t + 2k)
24(0.468) (0.775 x 3.125)

43.8 kips
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Hence the foxce to be carried by the

vertical stiffener is

Fg =Py - B,

where Pg is the flange force

Pp -allowable plate stress x platé drea

Pp= 20 (12) (0.775)

ANOAONNONON NN NN
777777

186 kips

Therefore:

F

s = 186 - 43.8 | :
—\f——-’-\
= 142.2 kips. )

Therefore the size fillet weld wequired is »
Fig A.9

o L .Fé_. .
4 % 0,707 % 13.6 (d/2 =~ k)

= 142,20
4 x 0.707 = 13,67 (12 - 1.56)

0.332 inches

Nomingl Size = 3/8 in.

' ¢. PLASTIC ANALYSIS OF WELDS

In this secfion, the sizes of welds to meet the requirements of section 12

of this zeport at the maximum load of the comnection are calculated.

1) Possible Fillet Weld for Lap Joint of End Plate to Flange of Column
" (Fig A.3) - '

Area of weld required Eq (25)
.Flange Force
A= T4
- 307
22.4

Gives: = 13,7 inz

Hencé the length of the weld required Eq (24):

Aréa
070D

L.=
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Therefore:

D = 5/16 in L =62.0 in
D = 7/16 in; L = 44,3 in

A butt weld is found to be more suitable in this case.

'2) Columm Web Fillet Weld to Beam Flange (Fig A.4)

Direct temsile or compression force per inch of weld

fD": 33 w/2
| 0.468
x —2200

= 33 >
Gives: = 7.72 k/in
Force per inch due to shear .
o Y2 pu
fv = L(@zn)
_ 133
2;2 X 22,45
Gives: = 2,1 k/in:

Thexefore resultant force per inch

/ iR,=\/fD2-+ fv2

\/'2,.12 + 7.722

R =
Gives: = 8.0 k/in
Hence .Eq 21 D = — R
T LA 0.707 x 22.4
8.0

= 0.808 x 22.4

Gives: 0.508 inches

Nominal Size= 9/16 ixn.

3) ,FbxtyfFiverDegree,FilietiWélds,to Ends of Diagomal Stiffenér (Fig A.6).

Foxce in the diagonal stiffemer, Eq (26)

{Zry oy bt

Y2 x 0.458 x 33 x 12 x 0.775

Fs

Gives: 176.4 kips:
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Hence from Eq (27)

]

Gives:
Nominal Size.

4) End Plste to Beam Web (Fig A.7)

Plastic,ﬁlange force

Py

Gives: PF
Therefore size fillet weld required Eq

D

Gives:

Nominal Size

-61

Fs
22.4 x 2 (b-w) cos 22.5°

1._7604 .
22,4 x 2 (120.468) 0.9239

0.370 inches
3/8 inches

]

Gy bt

33 x 12 x 0.775

307 kips

(23) -,
33
T .0.707 x 22,4 x 2 (d-2t)

307
0.707 x 22.4 x 2 x 22,45

It

0.434 inches

7/16 inches

5) Possible Fillet Welds to Comnect. Columm Flange to Beam Flange (Fig A.8)

Required size of fillet weld Eq (20)

D

Gives:
Nominal Size

Hence a butt weld is found t0'be,moré

I

Flange force
0.707 x 22.4 (Zb,WQ

.. 307
0.70f x 22,4 x 23.53

0.829 inches

7/8 inches

suitable in this case.

6) Fillet Welds between Vertical Half Depth Stiffener .and Web of Beam

(Fig A.9)

Flange force to be carried by the web is Eq (28)

Py

33 x 0.468 (0.775 + 3.125)
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Gives: 60.2 kips
Hence the force in the vertical stiffener is

Fs

Pr - Py

n

307 - 60.2

Gives: = 246.8 kips

Therefore size fillet weld fxom Eq (29)

Fg
D = , \ -
4 x 0.707 x 22.4 (d/2 -k)
Therefore: D = v 246.8
4 x 0.707 x 22,4 (12-1.56)
Gives: = 0.350 inches

3/8 in,

Nominal Size
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12, APPENDIX B
ANALYSTIS OF STRAIGHT KNEES WITH DIAGONAL STIFFENERS
Two analyses are considexed in this appendix: (a) am snalysis leading

to a required' thickness of diagonal stiffener to prevent undue deformation

of the knee web due to shewr force, and, (b) sn analysis of the rotation

of a straight knee with diasgonal stiffeners.

(a) Diagonal Stiffemers for Skraight . Connections
From Ref 1 and referring to Fig B.l

Fo = yﬁ (1 - d/L)

Y

d
whefé\Mh = moment at point H
d = depth of section
L = lemgth of commections leg

The degined mowesnt at point H is Mp. Therefore

Eg (1) becomsas

Z
Fo = 3 (1 - d/L) vee (2)

The force F, is resisted by the web acting in shear
and the diagonal stiffemer zcting in compression. The

shear resistance of the web, Fy, is given by

Py = %_ wd os (3)

(where w = the thickness of the web) and the resistance

of the disgonal stiffener is given by

btg

s= oy v vee (4)

Fig B.l
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" Since Fo = Fy + Fs, then from Eqs (2), and (3) and (4)

oy U'“ Ty
~= (1 -4y = \‘—%wd + T% bts vee (5)
Solving this equation for tg,

N2 1-d d
G - 3 et (®)

tg =

Since Z = fS, and since the quantity £ (1 - d/L) is very nearly equal to

1.0, Eq (6) weduces, finally to

tg = —\r%- '(% - ’%) eoo (7)

which gives the required thickness of diagonal stiffenmer in order that the
comnection be capagble of resisting the plastic moment, Mp, applied at

the intersection of meutzal lines of the beam and girder.

{b) Rotafion Auvalysis of Straight Knees with Diagonal Stiffenerg*

The rotation of the knee is made up of two parts:
1) Rotation due to shear, designated as X , and

2)  Rotation due to bending, designated as @ .

.Since comparisons are made with experimentally determined rotation values
there is a third compoment to be considered if the measurement is made at

a point other than at the precise end of the connection:

3) Rotation due to bending of the rolled section over the
length, r, between the end of the knee and point of

rotation measurement, designated as §,..

Hence the total knee rotation is © = x‘+- F + By eeo (8)

% Based in part on Ref 7, Appendix A.
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Two differest appraockes were used in Ref 1 to predict the moment-
rotation characteristics of-straight koees with diagomal stiffeners. It
is the purpose of this section to refine the solution of this problem,
Rotations due to shear in the square knee A B.C D (Fig B.2) reinforced
with diagonal stiffenewrs will be found by msking the same assumption that
was implied in section (a) sbove: the flange D
o C ——E5::r::::::::q
force F, is resisted in part by the knee web ° {
and in pert by the component of thrust from }
- - Fi . \
the disgonal stiffener AC. <« =====3
B l F, Fi T A
I \
¥ H
i H
o U
Fig B.2
)
2/Af . ﬁ%— Fo
F1/Af Af
. iy a D c = }
b A s }
B A ‘\\ 2 Bl alie
. P
(2) (b) (c)
(a) ' (b) ()

Fig,B.B

Thus in Fig B.3~-a although the decrease in stress is linear from D to .C,
the flange at point .C retains a stress of magnitude F1/AF. The resultant

force is transmitted to the diagonal stiffener.
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The problem to be solved, theﬁ, is the relationm between the force F2
transmitted by the exterior flange to the web due to shearing .action |
(represented by the triangular distribution im Fig,B.Z-a} and the force Fj
transmitted to the diagonal stiffener.  This may be done by conmecting the

continuity condition at point .C; then the moment-shear deformation relation-

ship may be developed.

.Consider the plate A B-C D with diagonal stiffener and loaded with
end compressive forces, P, as shown in Fig B.3-b. This simplates the
loading applied to the stiffener by the flange force Fi. Fig B.3-c shows
the shear stresses acting on the web, the stresses introduced by the flange
force Ez, The variatﬁon in normai,stress along the stiffenexr due to the

loading .of Fig B3.b would réesemble Fig B.4-a; the stress will decrease

\C
Y N
¥ i .
‘F q A
b ‘ .d‘{—z_ 3
f
[ ]
A
(a) (b) (c)
(2) (b) | ()
Fig B.4

<

toward the center of the plate as the stiffener transmits load to the
plate by.shear. On the other hand, the shear loading of Fig B.3-c wills
cause stresses along the stiffener somewhat like those of Fig B.4-b. . Normal

stresses will gradually increase towards the center of the stiffener.
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.When the two loadings of Fig B.3-b and -c are added together to give the
loading due to the flange force, Fp, it will be assumed that the resultant
stresses in the stiffener are uniform as shown in Fig B.4-c. It will be
assumed that the web plate remains in .a state of pure shear and the con-

traction along line AC of Fig B.3-c will thus remain uniform.

Since the total shortening of the stiffener must equal the contraction
due to the shear stresses in order that the continuity condition be satisfied,

then in the general case (referring to Fig B,S)

a a x y
g‘ oy O g sxy & -ee 9

where the subscripts w and s refer to web and _A 3;2
stiffener, regpectively. According to the

assumptions made above, Eq (9) reduces in

this problem to(8)

x/2= €x o &0 (10) t
wher'e the subscripts w and s have been dropped, Fig B.5
being uniform and equal along line AC. Now
Y. T.e - X
= 6OT%¥ E «os (11)
and
F3 o = E FiY2
T = K“} X = A_=
W B8 As cee (12)
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Therefore, from Eq (10)

Fo - Fl{?;

2AyG As E
or

_ 2w G {E-

F Ag E F1 ee. (13)
But

F1 + F2 = Fo _ cee (14)
and therefore, if we let

K1 = 2446\ 2/AgE oo (15)
then

Fl + Kl ‘Fl = Fb
or .

Fi = 22 = gy ‘ (16)

1= KL 2. Fo _ | .o |
where
1
Ky = "1 + 2A4G N2 : vee (17)
As E
Similarly,
. Y\ (Ref 1)
The rotation of the knee due to these forces is equal to « Since ... .
_ My L. o
Fo T (d = 1) .oe (19)

Thén_equations'(18) and (19) and the first of Equations (11) and (12) may
be used to determine the moment-deformation (shear) relationship. Making

the substitutions,

BA = K3 -’&d (1 - d/L) .o (20)
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where
ok L
K3 - G AW - Gwd -+ ts,bs E
2 QZ

ce. (21)

According to assumptions made above, the extension of the flanges, & , will

be given by

Fig B.6
Using Fig B.6, the total "bending" rotation at the knee is

F = 2 g‘a = 2 'd_ = oD +,E o’,‘ c

Now from Fig B.3-a ‘and Eq (16)
o'c = _= op = KZ UD

and from Fig B.3-a and Eq (19)

°D =LAF d !
Then the total bending rotation is given by

_ y My )
@ = (14K2) e dE (1 - d/L)

.;. (22)

vee (23)
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The rotation, @y, due to flexure of the rolled section over lengths =

is given by

(2r - r2/a) ceo (28)

©
o
i
Al

therefore

O = — (Ll - d/2L) (2r - r2/a) cee (25)

When x is small the term'rzja may be neglected, Them the total rotatiom

is given by a summation of the values determined from (20) (23), and (25)

or
o =14 B+ o cee (®)
& = K3 % (1-d/L) + (1+ Ky) "%dE(l - d/L)
+ Tho@ - d/2m) @ - £?/a) el 26)

EI

A-d/L) )K3 (14K2)
Me  (T-d/2L) {—d * ApdE

(L - d/21) @r - ¥2/a) }

[<»]
1

(1-da71) T EL e (27)

The results of this analysis of shear and bending deformations are
compared with experimental results for two tests using WF shapes of widely
differing geometry in Fig B.7. The initial portion of the moment rotation
curve of Connection L(l) is showm in Fig B.7-a, Eq (27) being used to plot
the theoretical curve shown by the dotted line. .In Fig B.7-b is a similar
comparison using the results of a frame tests with an 8WF 40 shape. In

the second case, load is plotted against the total rotation of the knee.

In view of the agreement between thevry and test of two markedly
different cross-sections, this anslysis affords a satisfactory explanation

of experximental behavior.
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TABLE 1
SUMMARY OF COUPON TEST RESULTS
Material Average Coupon Test Results

Test Type , ; Tyu O yL O ult Ey Egt E Egt
No., Shape Coupon Location (51) (koi) (ksi) (in/in) (in/in) (ksi) (ksi)
T-11 8B13 Tension Flange wme 41,8 === cme R == oo
| . "~ Web . . coo U7,1  =eo S ——- -- S
T=101  1LWF30 Tension Flange (3)% | 36.9 36,3 61.2 0,00116 0,0173 = == 736
Web (1) LI-Z@S ).‘.107 6505 aOOlLLl 90182 = e 607

Compres= Flange (3) 39,0 38,5 == ,00129 ,0119 30 050 757

sion Web (1) hh.5 4,5 e- .00149 ,0100 30 050 761

Avg.T &C Flange (6) 38,0 37.4 == ,00122 0L 7 == 7L6

Web (2) 3.5 43,1 == = 00145 ,01l1 —- 681,

. Avg.=2%(8) | L0.2 39,7 =~ ,00131  ,0Lfly == 723

Mill Rpt9 Web (1) 13,61 == 70,55 == - == ===

T-102 24WF100 Tension Flange (6) 36,0 . 34,9 62.4 ,00121 ,0135 oo 6116
~ Web (L) 42,2 39,1 6l.6 ,00139 0198  -- 595

Compres= Flange (6) 36,1 35.2 - .00122 ,0104 29 LoO 84k

sion Web (3) 41,5 40,5 - ,00139 ,015L 29 800 642

Avg,T& C Flange (12) 36,0 35,0 == ,00122 ,0120 -- 790

| Web  (7) 41.9 39.7 - .00139 .0179 -- 615

Avg,=-2%(19) 38.2 36.7 == ,00128 - 0142 -e 721
Mill Rpt$ Web (1) L1.11 .= 6,01 - ——— —— B

Te=ly 30WF108 Tension Flange 36,9 3.8 60,6 ,00137 . - -
(205,5) Web 39.1 38,1 62,2 .00175 .0205 == 577
T=103  36WF230 Tension Flange (6) 36.1 35,6 64,2 ,00125 ,0128 o= 660
Web (L) h3.2 L2,1 66.8 .,00135 ,0188 = 555

Compres- Flange (6) 37,1 36,2 == .00127 ,0100 29 100 903

sion Web (3) .o 43,0 == .00149 016l 29 500 756

Avg,T3&C Flange (12) 36.6 35,9 == .00126 ,011l e 782

T -, Web (7) 13,6 2,5 == ,001h1 s0178 - 6l1

Avg.=2%(19) | 39,3  38.5 - 00132  ,0139 == 719

Mill Rp’b? Web (1) 47062 e 690;4_7 e e e e eseren

¥ Number of Specimens _
+ Avg.~2 Weighted Average in Proportion to Flange and Web Areas
o Mill Report Tensile Test

[AA
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TABLE 2
SECTION PROPERTIES OF TEST SPECIMENS
Area Depth » | ‘ 4 _
Weight :gfa 0? Flange | web Axiz x=x
per Sect= Secte Avergge Thicke Thick=|Thick=
Ft, ion $on Width  Thick= mness ness | nsss T S 7 £
' ness at Toe af Root
v A el b . t ti £1 W
1lb, in®  in, | in, in, in; in, in, in® in®  in®
8B13 {T-11) ) . ' ) *
Handbook . 13 3,83 8,00 | 4,00 C.254 0.230 39,5 9,88 ( 11,35) (1,1L9)
Measured 3,99 8,06 | 4,03 0,266 0.237 - h2,1 10,42 12,01 1,152
ZVariation #1,18 40,75 40,75 Hi,72 +3,00 46,59 45,47 45,81 40,26
1I4WF30 (T7=101) ) - .
Handbook, 30 8,81 13,86 | 6.733 383  B/16  7/16) 0.270 289.6 41.8 ( L7.1 ) {1.127)
Messured 29,3 8,62 13,74 | 6,74 .36l 6,295 0.L29| 0,268 273,13 39,8 . L4.9 1.128
FVariation =2.33 =2.16 =0,87 [#6,10 <=L4.96 5,60 <1.94 |=0,7L =5,70 <=i,78 =L4.,67 +0.09
2UWFLO0 {T=102) , | ” , «
Fandbook. . 100 29,43 24,00 [12,00 0,775 5/8 15/16| 0.L681 2 987,3 248.9 (278.3 ) (1.118)
Measured 99,35 29,03 24.00 {12,00 0,748 0,612 0.882| 0,481} 2 899.,5 24i.6 .271,1 1,122
%Variation <0,65 1,36 0,00| 0,00 =3,49 =2,18 =5,93 |+2.78 2,93 =2,93 =2.59 +0,36
30WF108 (205,5-T=l) . ) )
Handbook. 108 . 31,77 29,82 |10,484 0.760 0,625 0.875| 0.548| 4 L461.,0 299.2  345.5 1,155
Measured 30.46 29,93 10,460 0,740 0,650 0.842| 0,518 L 345.8 290.3  334.1 1,151
%Variation =l .19 40,37 [=0.23 =2.,63 #4,00 =3,93 |=5.48 2,59 =2.98 =3,31 =0,35
36WF230 (T-103) _— | 1
Handbook, . 230. 67,73 35,88 16,475 1.260 1=-1/16 1=7/16| 0,765 |14 988.4 835.5 (942.7) (1.128)
Measured 228 67.15 35,91 (16,34 1.2 1,055 1,42 | 0.786 |14 748.1 821.2 .929,1 1,131
AVariation =0,87 =0.86 0,08 |=0.82 =1.59 =0,70 =1.22 |+2.75 =1,60 <=1,71  =1,4ly +0.27

¥
=4
w



%% '"Measured'" quantities calculated using measured dimensions and

coupon stresses.,

"Handbook" ‘quantities calculated using AISC handbook dimensions
' and implied yield stresses. (33ksi) ‘

. TABLE 3

205¢.21 ~74
M =0, Z
P~ % s y
M,,=0S 7~
y 9 M, ,
;3 Yield Moment-M(y) Mp e Load
/ <
Moment // . ~ qi\h
M ATISC Allowable Moment e ' .
a117——— (20,000 psi) Haunch End of Rolled SecFian
/ )
7/
Deformation Load
THEORETICAL MOMENTS
Moments in Kip - Inches
z ‘ Basis Elastic Range Plastic Range
Section of % . T
Calculation M allowable| M, ,_\* Mo vy * Mp ey * M oe
Kk (parameter) | (AISC) h(Y) T (%) (parameter) h(p) P
8 B 13 Measured i 435 193 454 403 502 559 496
Handbook i 326 183 340 302 374 417 369
. ] , ‘ '
14 WF 30 Measured j 1488 757 1530 1412 1734 1870 1725
Handbook ! 1380 830 1482 1370 1553 1672 1544
 24WF100 Measured 8,450 4,440 8,750 | 7,775 §,750 10,820 9619
Handbook 8,210 4,590 8,500 7,580 9,170 10,160 { 9027
36WF230 Measured 29,450 15,100 30,550 {27,150 34,810 38,650 34,380
Handbook 27,600 15,400 28,550 {25,400 31,100 34,400 {30,650
30WF108 Measured 10,100 5,360 10,500 9;345 11,601 12,930 [11,500
, Handbook 9,870 5,540 10,260 | 9,140 11,400 12,700-{11,300
.Com@égticﬁ'Test Nos. 4, 11, 101, 10Z and 1031 - .
%* Moiqo My, & My were calculated considering the effééfﬁof axial load.
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:Load

| -75
— | — | — & -
e —— —
Ve
~
p e Load
(¥ _Rotation ‘//
[ msc 2., |
/ (20,000 psi) :Deflection B
/ 7£
Deforﬁation
THEORETICAL LOADS AND DEFORMATIONS
Loads Deformations
Section Basis
for Pal‘ P P-, 8- 8 ¢
Calculation (AISé) 82 (u) 7] » | 7y
: i : _ _ (parameter)
(kips) | (kips) (kips) (in) (radians) (rad/in)
-8 B 13 Measured 8§.69 18.12 25.2 -0.230 0.00317 0.000350
Handbook 8.23 13.58 .16.64 0.186 0.00253 0.000285
L4WF30 .Measured 12.70 23.7 22.0 .0.819 0.00378 - | .0.000181
Handbook 13.94 23.0 26.0 0.741 0.00303 0.000164
24WF100 Measured 65.5 114.3 141.5 0.626 | 0.00306 0.0000985
Handbook 67.5 |-111.4 133.0 .0.584 0.00269 .0.0000946
36WF230 ‘Measured 148.5 267 338 .0.934 } .0.00280 .0.0000681
Handbook 151.0 249 301 .0.856 0.00262 -0.0000636
30WF108 | Measured 63.2K | 110k 135.5 || 0.738 | 0.00262 | 0.0000788
.Handbook ‘65.1 [ 107.4 133.0 0.683 | 0.00249 0.0000789

Connection Test Nos, 4, 11, 101, 102 and 103

TABLE %4
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’,Mh(p)?UltimatevMoment
. -
;’»Mh(y) Yield Moment
at | N Ve
‘Haunch / N
! [
/ ‘11 be
/ ’ w
/ 1 b
/ -> -uT-r —
.Deformation
_THEORETICAL;SHE@R.STRESSES
& -WEB -RE INFORGEHENT
I ﬂShear:S£ressw(ksi9~- : :fzﬁkeinfoncemént
il -Shear _ -l :Required: €in)
Basis-- Yield JWHith ] Web [ Thickness-
‘Strength . ---Without Diagonal Stiffener | Diagonal || Thick-| = of
Section | = - of of {Stiffener || ness |Diagonal
. Web T at Used iffwResifStiffener
Calculation Ty T at +r..at ‘Elastic T at quired|Required
MDA =Mh(y) (») Buckling =Mh(P) T s
-~ (ksi) %k % .in Shear
) ) ** [ . .
8 B13 | Measured | 27.2 || 22.8 28.0 217 19.82 ]| 0.280 | 0.074
‘Handbook 19.05 |} 17.84 21.9 - 203 14.93 0.270 O.QBQL
14WF30 Measured | 24.9 || 25.6 31.4 97.2 19.45 | 0.369:| 0.175
. ‘Handbook 19.05 || 24.2 27.4 93.4 19,00 0.381 | 0.193
24WF100 Measured I 23.0 24,6 30.4 ‘ 101.0° 18.10 0.734 O;&ZB'
’ Handbook 19.05 | 24.4 29,2 93.5 17.15 0.756 | 0.487
. 36WF230 Measured 24,6 .23.5 29.7> 119.5 18.25 A1.115‘ 0.6;5
Handbook 19.05 || 22.6 27.2 111.6" 16.48 [1.1.135 |.0.690
30WF108 Measured 22.0 17.65 21.75 75.5 15.15 0.569 1 0.125
Handbook 19.05 |} 16.40 20.3 84.0 14,84 0.588 | 0.098
"% When T exceed.wy‘the-étress is meaningless and indicates #,stiffener is-feguiréd.,
*% These are»not.true stresses and only indicate that web buckling due .to shear -~ '~

is not a problem.
.Connection Test Nos. 4, .11, 101, 102, and 103

TABLE - 5
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FILLET WELDS:

COMPARISON OF PLASTIC AND ELASTIC DESIGN

L7?

PLASTIC* ELASTIC ‘ACTUALLY
DESIGN DESIGN USED
Flange of Columm
to Flange of Beam
8 B 13 5/16 5/16 3/16
14WF30 7/16 7/16 . 7/16
24WF100 7/8 7/8 Butt Weld
30WF108 7/8 13/16 Butt Weld
36WF230 1-3/8 1-3/8 Butt Weld
Web of Colummn to '
JFlange of Beam
8 B 13 1/4 3/16 3/16
14WF30 5/16 5/16 5/16
24WF100 9/16 1/4 9/16
30WF108 5/8 7/16 5/8
36WF230 7/8 7/16 -7/8
Web of Beam to
End Plate
8 B 13 3/16 -3/16 3/16
14WF30 1/4 1/4 :5/16
24WF100 7/16 7/16 9/16
30WF108 .5/16 5/16 5/16
36WF230 11/16 11/16 7/8
End Plate - Lap
Joint to Flange of Column
8§ 313 3/16 11.28" 3/16  11.3" 3/16 v
14WF 30 5/16 17.2" 5/16 17.1"% 5/16 .21
24WF100 7/16  44.3¢ 7/16  44,2" Butt Weld
30WF108 7/16 44,37 7/16  44.3". Butt Weld
36WF230 9/16 74.9" 9/16 76.6" Butt :Weld
Half Depth Vertical
Stiffener to Beam Web
8 B 13 1/8 1/8 3/16
14WF30 3/16 3/16 .5/16
24WF100 3/8 3/8 5/16
30WF108 1/4 1/4 1/4
36WF230 1/2 1/2 .3/8
.Diagonal Stiffener to
Flange End Plate and
Vert, Stiff. 452 Fillet
8 B 13 1/8 1/8 .3/16
14WF30 3/16 3/16 5/16
24WF108 3/8 3/8 3/8
30WF108 1/4 1/4 1/4
36WF230 9/16 5/8 9/16

%Based on Handbook Properties and oy.= 33,000 psi
Weld Stresses 33,000 psi tension and compression,; 22,400 psi shear

-Connection Test Nos. - 4, 11, 101, 102, and 103

TABLE 6
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Description

8 B 13
14WF30
24WE100
30WF108

-36WF230

Connection Test Nos. - 4, 11, 101, 102 and 103

Heat No.

34Y532
41K525
44D508
44G451

35D654

TABLE 7

'CHEMICAL .PROPERTIES

.18

.20

.19

0.

4

56

.60

- 70

.024

.023

.016

.01

014

.030

-.044

.039

.030

.032

-78

Remarks

A7-46

A7

A7-52T

-A7-53T

A7-52T
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TABLE 8
F/p. (%) FOR LATERAL SUPPORT -DYNAMOMETERS
y
1 2 3
8 B13 Point A 0.102 0.53 .284
Point B 0.114 1.21 .865
14WF30 Point A 0.607 =-0.0017 .534
Point B 0.562 0.113 574
24WF100 Point A -0.0344 0.588 .845
Point B -0.193 0.961 .26
- 30WF108 Point A 0.1455 0.0940 .185
Point B 0.0485 0.109 .0615
36WF230 ‘Point A 0.0086 0.300 .350
.Point B -G.560 0.915 433
3 4 L2
lateral } A7 ] i F = Force in dynamometers
support } knee
points \}\ P.=0g A =33 (4)
4 1 vy
.Point A: - Force in lateral support after mechanism has formed.
Point B: - Force in lateral supports at maximum moment.
Note: - See Figure 15 fer location of points A and B.

Comnection Test Nos. 4, 11, 101, 102 and 103.

.605
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.0158
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.0288
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FIG 4 TEST SETUP OF THE 14WF30 CONNECTION IN
THE 800,000 TESTING MACHINE SHOWING LATERAL

SUPPORT SYSTEM, ROTATION INDICATORS, AND
MIRROR GAGE
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FIG 6 14WF30 CONNECTION SHOWING ROTATION
INDICATORS AND BRACKETS AS WELL AS
THE LATERAL SUPPORT TIE RODS FITTED
WITH FLEX BARS AT EACH END
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The following figures may be found in the text on

the pages indicated below

Fig 7 on pagé 11
Fig 8 on page 12
Fig 9 on page 14
Fig 12 on page 26

Fig 24 on page 38



205¢c.21 : -86

Corner Weld

Fillet Weld

xr———- 45° Fillet Weld

- fa - E—

45°

N
[Seccnd: Chip out \&45°
| and then butt

weld,

\First: Fillet Weld ;?
at root. -
R,/

Column

45° Fillet Weld

Firét:.Fillet
Weld at root of
butt weld.

|
I
Second: Chip out and Il
make butt weld. Il

-SECTION a-a

C 'WELDING DETAILS
Figure 10
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FIG 18 MODE OF FAILURE OF 8B13 CONNECTION SHOWING LOCAL

BUCKLING AT END OF TEST. YIELD DUE TO SHEAR CAN
BE NOTED IN THE WEB
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¥

\
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FIG 19 MODE OF FAILURE OF 14WF30 CONNECTION. LOCAL

BUCKLING OCCURRED SHORTLY AFTER GENERAL YIELDING,
AND WAS CAUSE OF FAILURE
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FIG 20 LOCAL BUCKLING OCCURRED AFTER
CONSIDERABLE YIELDING IN THE
24 WF100 CONNECTION

FIG 21 LOCAL BUCKLING AND YIELDING OF
s THE 36WF 230 CONNECTION AT THE
END OF THE TEST
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FIG 25 GENERAL YIELDING IN THE WEB, HALF-DEPTH
VERTICAL STIFEENER, AND DIAGONAL STIFFENER
OF THE 36WF230 CONNECTION. NOTE THE PINS
AND CLEVICES AT END OF TIE RODS

FIG 26 SHEAR YIELD LINES AT 857 OF PREDICTED YIELD
LOAD ON 14WF30 CONNECTION. (THE PATTERN HAS
BEEN ACCENTUATED BY TRACING THE ORIGINAL
LINES IN INK)
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FIG 27 CLOSEUP OF 24WF100 CONNECTION SHOWING SHEAR
YIELD LINES AT ABOUT 73% OF PREDICTED YIELD
LOAD (THE PATTERN HAS BEEN ACCENTUATED BY
TRACING THE ORIGINAL LINES IN INK)

FIG 28 36 WF 230 CONNECTION AT ABOUT 507% OF PREDICTED
YIELD LOAD. NOTE THE SHEAR YIELD LINES IN WEB
NEAR OUTSIDE CORNER AND ON DIAGONAL STIFFENER
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