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Vben the idea of an International Vorkshop on Connectlon. and the 
Behaviour, Strength and Design of Steel Structure. vas first conceived, 
it reflected the recognition that whereas much research and development 
work has been conducted on steel structures in ,eneral, and on the 
.iscellaneous components and connections in particular, relatively little 
attention has been paid to the increasingly important aspects of the 
unified, complete structure. Part of this deficiency i. cl •• rly related 
to the co.plexity of the .tructure., and the fact th.t mo.t r •••• rchers 
have devoted their attention to deteraining the characteri.tic. of the 
indivldual elements. It is also related to the analytical and 
experi.ental probl... that have been .ncountered by lnve.ti,alors of 
topics that are highly non-linear and three-di.ensional in nature , for 
which neither co.putational nor testinl facilities of adequate capacity 
have be.n availabl. until but in recent years . 

The advent of very powerful computers, coupled vith the development 
of sophisticated t •• ting and data acquisition equipment, h.ve made for 
the completion of re •• arch studi.s of incr ••• ingly more complic.ted 
•• mber, connection and, to a ce~tain ext.nt, overall frame response 
proble~. Th. form.r difficulties of being capable of solving the 
probl •••. given the proper tools, ar. therefore nov being removed .t an 
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acceleratLng pace. However. this p~e. an array of problems of • 
different nature for the researcher., but especially for design standard 
writers and their user., the design engineers. Specifically. the volume 
of information Is becoming large to the point where it Is no longer 
realistLcally possible to keep abreast of all new developments . Secondly, 
methods and procedures vary suhstantially from one locale to the next, 
with the result that interpretation of the findings and how they may 
apply to 8 particular case will b •• dubious undertaking . FLnally, with 
s tudies being carried out In unLversitLes, research laboratorles and 
companies around the world , some amount of duplication of research Ls 
essentially unavoidable . 

On the background of the problems that have been outlined in the 
preceding, the idea of an intensive vorkshop was conceived . It was felt 
that with the gathering of a group of researchers with extensive 
experience In the study of steel structures and their connections, to 
present and discuss their own ongoing research project as well as thos e 
of others, it would be feasible to arrive at an assessment of the state 
of-the -art . In addition, having established the status of current 
knowledge, an important function of the workshop would be to address the 
criteria and topics of future research, as well as to discuss suitable 
vehicles for gathering and .. intaining a coherent data base for 
connections . The latter activity would be particularly important for 
designers and code writers, to serve as a source of reliable information 
on connections . 

To achieve the most in-depth, intensive discuss ions of the problems , 
it was decided to limit the workshop attendance to a relatively small 
group of internationaly recognized researchers, code vriters and design 
anginaers with extensive background in the study of connections and steel 
structures . It was felt that this was essential to the success of the 
workshop, on the premise that the attendees would not need to be educated 
by each other In the traditional technical conference foraat, but rather 
would be able to have truly in -depth exchanges of opinions, methods , 
procedures, result., and future directions . For the saae reasons the 
wokshop program vas organized such that the discussion time could be 
.aximized , with prLaary emphasis on the inforaal exchange of ideas and 
understanding. The proceedings reflect the importance of t he discussions 
and the evaluations of research needs and data collection efforts, to the 
effect that individual chapters addre.s these ite.s following the written 
contributions of the invitees for each technical session . 

It wa. decided to organize the workshop into technical .ession. with 
the following pri .. ry subject coverage 

Session NOl 
Session NOZ 
Session NO) 
Session N04 
Session NOS 
Session N°6 

Local Analysis of Joints 
Hodeling of Load-Deflection Behaviour 
Hethods of Frame Analysis 
Fraue Stability and Simplified He thods 
Design Requirements and Cod •• 
Data Base Organization and Summary 

The following comments highlight the topic. that were to be discussed 
within each session, along with the anticipated outcome . 
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The •••• 10n on local analysis of joints v •• Intended for & review of 
eurrent theoretIcal and experu.encal r •••• rch d •• llng with the local 
behavlour of accual connections under load. Local behavlour v •• defined 
•• the det.iled and full·range r •• po~. of the connectIon, includlng .11 
connectln, parts, .. chanieal fasteners, veld., and so on . Such studies 
are ess.ntlal for the understanding of the f.ilure aechanisa. of the 
connectIon, •• veIl as for identifying the .. In load and deformation 
controlling paraaeters . The three prLaary characteristics of non-linear 
behaviour can .lso b. identified, naDely. stlffn ••• , ultimate strength, 
and duc c111 ty . 

The expected outcom. of the local analysis •••• 10n va. the 
acquisition of information on the most important numerical and 
experimental re.e.rch work on local connection behaviour, including load 
tr.nsfer .ech.ni... .nd f'ilure mode.. It would .1.0 est.blish 
famili.rity vith the cype. of connections th.t are used in actual 
structure. around the world, and facilit.te correlation effort • . 

Due to the co~lexity of connection .trength and behaviour, it was 
decided to divide tha se •• ion on mod.ling of load-defl.ction behaviour 
into cwo .ob- •••• ioM. Th.ir topic. of cov.ra,e and anticipat.d outcome 
are di.cus •• d in the following . 

The fir.t .ub· •••• ion on modeling va •• i .. d at .. th.mattcal .odeling 
with parameter identification, as veIl a. compari.on vith t •• t results . 
Specifically, rather than de.ling vith the loc.l conditions, as were the 
topics of the fir.t .ession, the discussion •• nd p.per. of this modeling 
se •• ion vere intended to reflect the over.ll connection re.pons • . Special 
empha.i. wa. therefore placed on developing an inventory of connection 
moment-rot.tion .. thematical models. The l.tter may have been based on 
curve-fitting technique. or .tati.tical analyse. of ta.t re.ults ; it may 
al.o h.ve been po •• ibl. to derive M-~-equation. th.t are a •• ociated with 
the phy.ic.l characteristic. of the connection •. Further, in recognition 
of the non-linear response of all re.liatic connectiona , contributors 
were .. ked to consider the global characteriz.tion of .emi-rigid joint 
beh.viour, including for coluan footing. . Finally, the correl.tion 
between connection model .nd te.t result. i. important, and it was also 
intended to obtain an evaluation of the effect. of the .en.e of loading , 
i.e . monotonic and cyclic load eff.ct. would be .ignificant 
considerations . 

The expected outcome of the fir.t modeling .ub- •••• ion wa. the 
development of .n inventory of mathematic.l mod.l. of .emi-rigid 
connectiona, including a collection of mom.nt-rotation (or similar ) 
curves and the .tt.ndant primary vari.ble. for .trength, behaviour and 
ductility . 

The .econd .ub-.e.sion on connection modeling wa. aimed at the 
cla •• ific.tion proble_, with an introduction to the data b •• e concept . 
ThUl, it va. felt that sufficient experi.ental and other inforaation i. 
currently avail.ble for several connection. in various countries . Th. 
expect.d outcom. of the session might b. the develop •• nt of • 
cla.slflcation .y.ce. for beam-co -column connectIon., including 
conlideration •• uch AI initial stiff,ness, ulti.ate .trength, and rotation 
capacity .t .erviee and ultimate load lev.l •. 
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The •••• 10n daaling with the subj ect of frame analysis w •• lntended 
for a presentatlon of the methods of structural analysIs which 
specifically include the constitutive law of the connectlons. Procedur •• 
ar. currently avail.bl. which incorporate flrst and second order 
,eometrlc and .. teri.l ,ffacts for the conn.celona, the structural 
... bars , and the entire fr ... , but it ~ •• f.lt that it would b. laport.nt 
to establish exactly what the individual solutiona can accomplish . and 
how well they corralate with tests (If any) and other analytical 
so lutions. 

The anticipated outco.. of the frame ana1y.1s •••• ion w.. the 
establishment of • repereory of computer progr ... , lncludlng definitions 
of the prlmary a.sumptions and vari.bl ••. It wa. a1.0 expected that some 
frame test result. vould be presented, to lend further .upport to the 
theoretical research re.ult • . 

Recognizing the unique proble .. of frame and .. ab.r .tability , the 
s ••• lon addres . in, the topic. of frame .tability and .~lified .ethods 
va. intended for dealing with (1) the influenca of .eai-ri,id 
connection charactariatic. on the .tabilicy of ... bar. and framea, 
including .ervicaability and ultimate li.it atata con.id.r.tions, .nd (2) 
tha davelop.ent of aiaplifiad .ethods of calculation for column .nd fr ... 
• tability, a. veIl •• for aeaber forc •• . It w •• felt th.t the siaplified 
solutions .ight ba -are adaptable to practical usaga, .uch as vould be 
considered by design engineers. 

The expectad outco.e of the frame .tability ••• sion vas tha 
pr •• ent.tion of .tability solution procedure. for ... bar •• nd framas, 
t.king into account known .tiffnes. ch.racteristic. of the connections . 
The computer .olutions that vere thought of would also be expected to 
facIlItate the comput.tions of ... ber .tress re.ult.nt. and displacement. 
throughout the fr.... It vas al.o thought to ba po •• ible that the.e 
re.ults .ight indic.t. .pproaches that could take Into .ccount .econd 
order (P-Delta) .ffect., without neces •• rly having to go through complete 
.econd order fr .... olutions . 

The tachnic.l •••• ion .ddre •• in, de.ign requir.ment •• nd code. va. 
aImed at de.lin, vith subject •• uch •• the .tatu. of incorpor.ting se.l
rIgId connectIon and fraae response concepts into de.ign cod •• as veIl a. 
practIce. thIs would n.c •••• rily have to include .ome con.ider.tlons of 
cyclic loading, such .... y be encount.red under s.i •• ic conditIons, a. 
well as .. terlal require.ent. . A particular ,roup of concerns would be 
those .. soci.t.d vith •• rvic.ability and ultimata li.it .tate., the 
questions of story and overall lateral deflections (drift) of fr .... . and 
the for.at of li.it .tat •• de.i," crit.ria for .tructures with .eai-ri,id 
conn.ctions. Thi. should also consider the que.tions of n.c •••• ry .nd 
av.ilable rotation cap.cities. 

The outcome of the discussions of code r.quir.mant. va. envisioned 
to be .n assess.ent of the state-of-the-art of code development in 
various countries, along vith indication. of vhat is perceived to b. 
needed for practical design criteria . In p.rticular, it was known that 
actual structural d •• igns h.d been performed by at l ••• t one co.pany in 
the Unieed Stat.s and po •• ibly other. elsewh.r. it vould be of 
.ignificant Int.r •• e to have the .s ••••• ents of .uch d •• igner. of the 
curr.ne knowledge and fueur. needs. 
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In addition to providing a final review of .11 of the papers and the 
respective diseu.slon. of the various technical s.sslons, the final 
se.sion v.. intended &. the outlet for tvo primary groups of 
pre.antationa. namely. (1) • discussIon and evaluation of • pocentt.l 
data base organizacion and (2) the reports of the s ••• lon reporters and 
res.arch reporters . The former subject w.. of significant interest • 
•• peclally to the effect that it was noped that. proper organIzational 
structure would facilitate future exchanges of informaCion, .s well as 
avoid any duplication of work. The res.arch reporters and their function 
were considered crucIal to the workshop, .s thea. reports would focus 
only on the work that needs to be undertaken, to remove current 
deficiencies of svailable data and to add to data bases as well as 
aethods of analysis and design . It is noted that the use of research 
reporters constitutes the first time such .ssignments have been utilized 
in. technical conference .etting ; it might be considered by other 
groups for siailar activities in the future. 
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ABSTRACT 

On European (Eurocode 3) as well as on world level (ISO/TC 167) work is 
going on to come to international harmonisation of d.sign procedures for 
steel structures . 80th activities focus on a pr •• entacion of design codes 
In a limit state design (LRFO) format. A brief review will b. given of the 
design rules for bolts, as nov proposed 1n the drafts of the international 
documents . To validate the strength functions and to deceraine suitable 
values for the model ractors, a statisticat ra-evaluation of available test 
information is carried out. Preliminary results of this study are presented 
and compared vith the proposed new design rulea . 

INTRODUCTION 

The 1984 draft of Eurocode 3 is nov under reviaion on the ba,is of the 
comments from the EEC .ember states. The final draft ia planned for the end 
of 1988 . The European Commission has recognized the need for background 
information that confirms and explains the rules presented in Ee3. The 
authors of this paper are charged with the task to provide auch information 
for the rules on fasteners and joints . The results of this study are also 
relevant for the work on an international standard in ISO/TC 167. The 
conversion of traditional working .tre.s dealgn .ethod5 for connectIons 
into a limit state design format was not easy. It was found that many of 
the rules in existing national standards were ba.ed on engineering 
judgement, more than on a consistent evaluation of experimental evidence. 
The following procedure is used for the determination of the design rules 
on fasteners in EC3 . Based on observation of actual behaviour in tests and 
on theoretical considerations a -deaign model- is selected. Then by 
statistical interpretation of all available teat data i . e . regression 
analysis the effIciency of the DOdel i. cheeked. Eventually the design 
model has to be adapted until the correlation of the theoretical values and 
the test data is sufficient. Then through .anipulation with the statistical 
data of the test popUlation, the model factor 7 can be determined. 
Di viding the strength function by the .odel fac~gr 7Rd gives the design 
expression . 
A firs t attempt for this evaluation, based on 
EC Coordination Croup (1, 2), is reported In 
clearly that the procedure vas not adequate 
strength functions and had to be adapted . 

a procedure proposed by the 
[3] . The results showed 

for the purpose of checking 

In this paper a revised evaluation procedure for the .ame strength 
functions as in (3] is presented. 

DESICN MODELS FOR BOLTS 

Bolts in a joint can be loaded in tension, sheer or a combinatIon of 
tension and she.r . 

8 
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Pe.ign 80d,1 for • bolt lOAded in t'QJioo 
If • bolt 1. subjected to incre •• ing t.n.l1. load fracture viII occur In 
the thre.d.d portion . By definition the .tr.s. are. of the bolt A Is the 
eros. .ectional are. of a smooth cylinder which, .ubject.d to te~slon . h •• 
the .ame faIlure load IS the threaded part of • bolt fr08 the same 

I .. 

* + 
~ 

--+ $ 
Q'~l l~~ 

'" ~ 
I" 

Fig. 1 Bolt loaded in tension 

materIal , The formula for As' given In Fig. 2, Is internationally 
standa.rdi.ed . 

d + 3 d 2 
A _ J[ ( D) 

• 4 4 

Fig. 2 D.finitlon of stress are. 

It Is evident that, based on the definition of A., the strength func tion 
for a bolt In t.n.lon wlll be taken as: 

where fub 1. the ultiaate tensile strength of the bolt material . 
In a joint so ealled prying forces may occur due to flexibility of the 
eonneeted parts . This is illuatrated in Fig . 3 . 

N o •• oQ 

. , 

In conventional design methods the 
occurence of prying forces is sometimes 
taken into account in the design 
expression for F . Principally this is 
not correct and thirafore in Ee 3 it is 
suggested to account for prying force s 
on the loading side of the safety 
verification . 

Fig . 3 Prying forces Q in a T-stub joint 
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P.,lgo pOdels for bolts loaded in shear , . 

The maximum re5istance of a joint loaded 1n shear may correspond to four 
different failure mode. as illustrated in Fig. 4 . 

I I 

shear failure 
of bolt 

I 
~ CI 

hole shear failure 
elongation of plate 

tension f.ilure 
of plate 

Fig . 4 Possible failure mode. of bolted joint loaded In shear 

For each of these failure modes, a -design model- is selected. The strength 
function for shear r.ilure of the bolt (Fig . 4, mode a) Is based on the 
pure shear strength of the bolt material. Based on experimental evIdence , 
the pure shear strength ~ is taken as 0.7 f . The shear plane may pass 
through the threaded porc¥Rn of the bolt or tM~ough the shank (see Fig . 5). 
Dependent on the cas. considered t he strength function per shear plane is : 

Fig. 5 Bolt loaded in shear 

If the end distance of the bolt hole is sufficiently large to avoid 
occurence of the shear mode of failure shown in Fig. 4c, the bearing 
pressure between the bolt and the plate will cause ovalization of the hole 
under increasing load. Although even a significant ovalization of the hole 
is not an ultimate limit state in the strict sense, it is considered 
necessary to give a 11ait for the mean bearing stress to control 
deformation. According to (4) the mean ultimate bearing stress .ay be taken 
a. 3 f if the plates are in compression, where f is the yield stress 
level Yot the plate material. The strength f6nction for bearing (hole 
elongation) wil t be: 
~ 3~dt 

where d is the shank diameter and t ia the plate thickness . 



.. 

II 

In ECl it is assumed that this value is 
also applicable for plates in tension 
if the end and edge distances are 
sufficiently large. In case of smaller 
end distances the shear mode (Fig. 4, 
mode c) will occur . To deter.ine the 
main parameters of the strength 
function for this case, the simplified 
model shown in Fig . 6 is used. 

Fig . 6 Simplified model for shear failure of the plate 

Assume that the length of the longitudinal shear plane. is approximately 
0.9 times the end distance e l • According to the Von Hises yield criterion, 
the design shear stress is Ty - 0.6 fy ' The design load will then be : 

• 

Fyb - 2 * 0.9 el t * 0.6 fy -, 
- 1.1 d fy d t 

Q f d t 
Y -, 

where Q 1. a function of d"7 

IT t, -. 
<C . 104 1$0 II' 

11.2 -1 
Fig . 7 ractor Q for the *bearing strength* 

as a function of the end distance 

So the design function 
takes the same form as for 
hole elongation with the 
*bearing stress· l f 
replaced by Q f . Y 
This design lunction is 
used in draft EC~ where Q , 
i. taken as Q - ~ S l (see 
Fig . 7) . It i. important to 
reaU.e that the design 
function for bearing in 
fact covers two different 
failure IaOdes . 

In the design function for shear failure of the plate, the yield shear 
stress T is intrOduced, follow1ng existing practice. However, failure will 
normallyY not occur before the shear stress 1s equal to the ultimate shear 

:~~~~:~h :H~ F~~ t~~v~:~~:!~~ O!h!~~e~he~~;O~~r~~:~~r~:~~t~~~d~:~ F:i!!n == 
expressed in terms of f rather than f . Shear failure of the plate can 
also occur when the pit~ P between ~ bolts in a row is relatively small. 
To account for this failure mode, ihe factor Q in the strength function for 
bearing is also made dependent of d (see Table 1). 

" -
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A ... 11 ed,s distance 8 2 viII 
cau. •• splitting type of failure 
a. illuatraCad 1n FIg. 8, Thi. 
redue.. the capacity. At the 
pre •• nt not .uch tese data are 
avaLI.bl. fro. teat spect..n with 
... ller ed,s distance. then 1. 5 
d . In draft Eel the ed,s dlscance 
L. therefor. li.lced to • minimum 
of 1.5 d . 

Fig. 8 Illuatratlon of influence of ed,s disCanca 
on .hear failure .ode of the place 

The s trength function for tens LIe failure of the connected part. 
.ode d) 1. b •• ed on the a.sumption that faIlure occurs if the nat 
Anls fully .tr •••• d upeo the t.~11 ••• carl.l scranath tu ' So the 
function is : 

Rt ... An fu 

(Fig. 4, 
•• ctlon 

stnngch 

To prevent exc ••• lve deforaatlo~ of the •• aber, also the ... n str ••• In 
the gro.. cro"- •• ctLon at ultlaate load should b. 1 ••• than the yIeld 
s trength, with ~ - 1 . In the ca.. of unsymmetrical or un.ymmetrical1y 
connected membe~s such a. angle. (s.e Fig. 9), tests show that rupture at 
an edge may .tart well before the •• an .tre.. in the gro.s s.ction is f. 
In that ca ••• reduced effective net saction i. taken into .ccount in tHe 
.trength function, as illustrated in Fig . 9. 

R ... ~"'.'. 
~-~ 

I I 

Fi, _ 9 Illu.tration of reduced .ffective nat .ection 
for an angle connected on on. la, only 

Qe31gn modol for bolt. und,r the cogblned actIon gf ten.lgn and ,b'ar 

If the shear plan. passes through tbe threaded portion of the bolt (Fig. 
5) , failure will mo.t certainly occur over the sh.ar plane. Th •• tt.n,th 
function i. b •• ed on a .iaple interaction formula: 
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If the shear plane passes through the shank, dependent on the ratio of 
tension and .hear, faIlure .ay either occur 1n th; .hank*(sh •• r plane) or 
the threaded part . In the interaction formula F and F •• y b. determined 
for the cross section A of the shank, but addltlo~.lly t~. tensl1. capacity 
of the thr •• ded part should b. checked wi th: 

T < ~ 
- 1Rd 

In Table 1 the .trength functlo~ according to so •• recently published 
international docu.enta are su..arlsed 1n comparison with the strength 
functions •• su.ed for the evaluation of test re.ults. 
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Table 1 Su.aary of de.ian rule. for bolted connection. 
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EVALUATION OF TEST RESULTS .. 
To validate the strength functions an4 to deter.lne suitable valu •• for the 
mod.l ractors • re-evaluation of available teat information 1. carried out. 
Test r •• ults from different source. are .yste .. tlcally stored in a data 
base at the University of Aachen. The toCal collection of test results on 
bolts amount. at the present more than 1900. By • joint CEB-ECCS 
coordination group, • uniform evaluation procedure for teat results i. 
developed, vhich 1. independent of the .. cerial and the structure 
co~ld.r.d (I, 2) . Thi. procedure 1. adopted by the Eurocode organia.cion . 
But a ••• ntloned in the introduction this procedure had to b. adapted and 
the revi.ed procedure 1. described In {8) . 
For the ca •• that for each bolt and eventually the connected plate the 
actual m.terial atrength and the geomeeric properties are known, the 
procedure a. used in (8) i. described. For every .pecimen i the 
experiaenc.l value rv1 t. compared with the value r i' calculated vith the 
relevant strength function (vithout ~R ) end taking iftto aecount the actual 
properties of the speci.en . For a chosin test population, the values of rvi 
and rti can be plotted In a diagram (Fig . 10 ) . 

_ r t i 

Fi, . 10 Sample .. an and correctLon for deviation 

If the strength function is exact and co.pleta, .11 the points (rvi ' r~) 
lie on the bisector of the angle between the axes of the diagram and !fie 
correlation coefficient Pt - .1. Hovever, in general th! points viII 
scatter . So the .. an value r and the standard deviation s of the test 
values rvi respectively the cal~ulated values rti are deteruiK:d: 

Tests : rv - In 1: r . s - I 1 (1: r' - n r 2)' vi' rv n vi v 

Theory : r t - * 1: r ti; Srt - I * (1: r't1 - n r t') \ 

The correlation coefficient Pt then follows fro. : 

If the value of P is gr.ater than 0 . 9 the correlation is considered 
sufficient . Then a .. in value correction is carried out . The atralaht llna 
is deterained, which intersects the origin and represents the •• an values 
of the test •. 

r - b r v t 
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The coefficient of thi. I1ne follovs from : 
I n 

1: 
n i-I 

The foraula for this 11ne of ••• n valu.. 1. then multiplied by. 
coefficient 'k to find the characteristic line (5\ fractll.). The value of 
''t can b. calculated vlth the atatl.tical data of the population (8 ), 
F nally with good approxlaatlon the .ode 1 factor lad can b. calculated: 

l...2l - , 
b k 

Not .11 taat reports provide the data on actual matarlal and geometric 
properti •• of telt speci.en as required for the .tralaht forward procedure 
described before . Two additional c •••• can be distinguished: 

Simple value. of the .acerl.l strength. In the .ample are Itven, but 
these can not b. related exclusively to individual teat .pecl •• n; 
Only the characteristic values of the materIal strength are gtven . 

The proc.dure ha. b •• n .odif1.d for th ••• c ••••. In.t •• d of the .trength of 
e.ch .peci •• n. the .. an value of the .ample i. used and the .tandard 
d.viation of the co.fficient' i. incr •• sed properly . Comparison 
ealeulations show that the modified ~roc.dure gives satisfactory results . 

PRELIKINAAY RESULTS OF THE EVALUATION FOR BOLTS 

Only II an indication so.e preliminary results are given . At present for 
the evaluation all relev.nt telt data In the data b.s. are used without any 
critical review of the telt reportl. In Fig . 11 the rvi - r ti di.gr.. is 
liven for shear tests on 8 .8 bolts. where the shear plane passe. throuth 
the thr.aded protion . Fig. 12 .hows the ratio between rvi and rti for the 
lame type of test, but for different bolt grad.l . 

' .. 
)00 

2S0 

200 

'SD 

'00 

SO 

o 

Bolt , radt • • 
6 _1.24 
4 .. 0.10 

SO '00 'SO 200 2SD )00 

Fig. 11 

Shear failure of 8 .8 bolt. 
Shear plane through threaded portion , 

r,/r, 

U 
IJ 
12 
1.1 
to 
0.1 
D.' 
01 

i 
• • 
1 

------1_+_ 
1 

O,;L-____ ~~ __ ~ ____ ~ 

1555 • • 10 t ., 
Fig. 12 

Shear failure of bolt. of different 
grades with shear plane through 
thread.d portion 

-



16 

This figure cl.arly shows the tendency ~h.t higher grades have lower shear 
capacities. B.sed on this information it should b. conaldered to reduce for 
10.9 bolts the ultimate .hear strength of 0 . 7 fu' as •• suaed In the 
strength function (table 1). 

CONCUJDINC llEMARJ(S 

For welded connectiona the saae procedure vill be followed In evaluation of 
test r •• ules. At the moment about 510 tese r •• ults are avail.bl. mainly 
from the international test ser1e. An example 1. shown In Fig. 13 . The 
d •• ign strength was based on: 

-L-
1: a 1 ~ 0 fy 

where F I. the tensile force on the connection, 1: • 1 Is the sum of the 
throat thickness tIme. the length of the welds and 0 depends on the 
sc •• l grade (0 - 0.85 for Fe 360; a - 0 . 80 for r. 420; a - 0 . 71 for 
r. 510) . ,., 

! 

• 

• 

Fig . 13 Weld f.l1ure 
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STRENGTH OF CQN£CTIONS IN BENDING CDI1PARED TO 
Ul. TII1ATE BEHAVIOUR RATHER THAN ELASTO-PLASTIC THEORY 

Ander. Granltre. 
AG Konltruktioner, 

BJ8rni back. 3, 
5-182 3S Oanderyd, 

SWEDEN 

ABSTRACT 

In the d •• ton of .tructur •• , 11"0. structural .l...nt. such .1 b •••• 
and colu.nl are generally d •• toned accordinG to el •• tic or el.lta-pl •• tic 
theot""y ba.ed on the yield .tr.noth .... ured on ... 11 ten.il. specl.." •• 
When it CDee. to connection. th ••• th-arl •• are oft.n eMtr ... ly 
con •• r-v.ttv., particularly where bending 1. the governing fatlur • .ad •• 

In tnt. pap.r the r.l.on for the gr •• t strength of connection. t. 
dtICU • .ad, and a few t .. t result, are pr •• ented that illustrate the 
•• onttud. of the It,.enoth incr •••• in relation to .l.lto-pl •• tic theory. 

INTRODUCTION 

The yield It.it or the O.2X li.it 1. Olnerally used II • d .. l 0n 

criterion for beu. and cDlu."., the strength of which are not govern.ct by 

Ila.t ic in.tability. That procedure ie Ju.tified, einci only .aderatl 

.training ts nec.ssary to .li.inat. IVln gr.at r •• idual .tr ••••• cr •• t.d 

by the rolling and Wilding proc •••••• 

It is Will kna-n that .t .. l, due to .train hardening, .~hiblt. a 

gr.ater .trength than corr •• pond. to coeplltl yilld of a era •• section . 

~ver, .train hardening generally .tart. at rather grlat .tr.in valu •• , 

.,. table 1 11 I. In a b ... there i. little u .. of this 'Ktra strength 

.inc' it is paired with IKc ••• lvl yillding in larg' aria. and largl 

dlf1ection, whtch .. y bl unacceptab11 Iven tn an u1ti •• t •• t.tl condition. 

In conn.ction., hOMeYer, IHCI •• tvl .training 1. local and affect. thl 

oVlr-all dlfor~ation. in the 1argl .tructur. to a .uch •• a11Ir IHtent. 

Th.,..for •• train hardening should b. considered, and aay off.r a gr.at 

contribution to the destgn strength of a connlctton. Actually, it ~.a 

found in 121 that thl ulti.at. atrength In bending of a dltai1 .ay bl 

18 
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TABLE I 
Reeult. f~a. t.nlile ~ coepres.ive t.,t. on v.rioul structural .t .. l. 

1412 
1412 
2~4 

HE200A 297 306 4b9 I.S 
PI IS 2S9 270 42b 1.3 
PI 12 7SS BOS BOO 2.B 

30b 317 1.2 
312 329 1.2 
7b7 792 

considerably gr •• t.r than UTS. The r ••• on for this b.nlviour t, that t he 

true fractur •• t, ... In I ten.il. t •• t, due to contraction, f19 1, i, 

about twic' II gr.at II UTS. This fact t, a1,o .hewn in fig 2 13 1 for • 

ca..on .tructural .t •• l, d •• ignated 1, and a cold finished .t .. lt 

Oow!;natod II. 

With plat •• in b.ndinO the contraction of the tensile zone i. 

r .. trained by the coepr ••• ive ton •• Th.refor. the potential factor of 

.trength incr ••••• hould b. about 2 r.lated to UTS, and about 2 to J 

r.lated to yield, depending on the type of .t .. t • 

. -
Flgur. 1. Ten.ile t •• t at failure, where the fractur •• tr ••• calcul.ted 

on the in i tial .r •• Ao ' a .l i ghtly 1 ••• thin UTS 
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Tr f 
AvarYQa .traln & 
loco .t,.. ••• 

Locol 
loco 

• traln 8 .t,.. ••• 

Average at.rqln 8 
alr... ba.ad on 

1"-'!--"-7""::7"':::===-----"":::jl n III a 1 cre.. ..ellon 

SlroBl" 

RESULTB 

In thll chapter a brief vl~ on actual t .. t r..ult. I, Qiven, 

including detail, in ten.lon, bending, ten.ion • bendino. and ccepr ••• ion. 

Alia weld, in caepr ... lon are included. 

Detail. in tenstan 
In 121 detaila .l.ll~ to that shown In flO 3, cut out fro. larger 

detaill, and with varioul typ •• of weldl, _era t •• t.o to failure in 

ten.ion. The avera;. ultl .. t •• tr ••• In the connection, with little 

variation, .a. about 1.7 tl ... the yield Itrenoth (YS) .1 ... aured In a 

ten,ll. t.lt. Thi, t, fairly clo .. to UTS free the tenelt. t.lte, which 

vari.d b.tween 1.6 and 1.8 tl'" YB. 

Det.il. tn bendinG 

Alia In 121, dataill ,lal1ar to that ,hown in flO 3 with v.rioue 

typ .. of weld •• The lo.d1nQ .p.n ••• 1n .oet c •••• 300 or soo... Ko.t 
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detail • ..,.. loaded to lar;_ defor .. Uone without fracture. Only In on. 

c ... , with 9iant fillet weld. (.-17 .. ) one of the horizontal ..-ber. 
f.tled, in brittl. fr.cture .t 2.1 tl ... VS. Kanyof the other detatl. 

Nere loaded up to 2.6 tl ... YP without fracture. 

Another inv •• tioation 141 with thick plat. In bendinG .no..d an 

ultt .. t •• t,. ... of 2.1 tt ... VB, ... fl;4. 

c::==:::;:::===H~:::;:~==::::::jt::4 20 

60 - 500 

Flgur. 3. ~lld .t •• 1 det.ail. t •• ted In bondIng 

B0 

70 

P 60 
(lip I 

51l 

41l 

31l 
~ 

21l p 

III 

Il 
Il 0 .1l5 1l . 11l Il . 15 1l.21l 1l . 25 

II 

F1QU,... 4. hndlng tnt accordinG to 141 
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Even In bolted .nd-pl at. cannectlpne lSI, wner. the .train. clo •• to 

the t en.lon ..-bar are conl ld-rably or.ater than at the yield lin. n, ar 

the bolt l , averagl ultt .. t . bending .tr ••••• ~ l.S ti • •• va for .ttd 

at .. l, and J. 8 tt ... V8 (and UTS) for duct'l . ENS, w.r • • v.lu.t~ 

n~ l ectlnQ t he different magnitude of , train at the tMG Vi l ld lin • • • 

o.tatla tn t.natan • bend t ng 
The dltall _ loaded In t en. ton or bi nding according to f l O 3 wlr. 

l at er s tr ai ghtened , • • chined flu.h, and bolted together •• end-plat. 

connection. 161. The • • • i.um . tr ••••• at f a ilure of the connection. wl r. 

calcul at l d, conlervatively •• , u.ino equal cOMpr ••• lve and t l naill .tr • •• 

and equal . tr ••• In the ten.ton ~~er and at the bolt Ilnl, ~tth ~inor 

Grlel .lr al n 

~ ~oderol •• lrol n 

" gurl S. Uneven . tra in dt l trtbutton in bolted end- pl at . conn. ctlon 
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ccrrecUons for Q.oMtd c distortion during the tHt and dlff.,.."t YS of 

the end platl, 41; h. In spitl of the or.at .. an tenstl. atr ••• , .lao 

~ 1n fiO 6. the ".l.u •• tr ••••• ar. of the .. gnitudl of 3 - quit. 

c.-oatlbll .1th the ultt .. t •• tr ••••• In pur. bending. 

Consider i ng the -ad, of fract ur. and t he "onttudl of t he ultl .. tl 
It,.. ... , • correction for ah •• r .tr ••••• 1. obviousl y not u •• fu l. Factor. 

~t should b. conlld.,.ed should rather b. t.rgl .t,...l n concent r.Uon, 

heavy Melding, and th i ck pl at •• 

3 

2 

- r 
-

r I-

B,.. d,ll. 
t r act.u,.. . , -

- r , 
-

-
t-

I-

Lem. ll er 8ol~ 
leering f'o1 1ur . 
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' . 

Fill.l weld. var1abl. 0 : 3 .5 
& Smm . goP vorlabl. 

r-______ ~~~====V~Dr~ID;bl. : lB . 15.2~ . 25 

t--""Tn-rTr---f----+VDrIDbl. : 1111.24.25 . 1111111 

30 

111111 

o.t:.t 1. t n ca.pr_.t on 

Equally high Itrength Na. found by the author for details In pure 

co-pr ••• lon, And even Qr •• t .... ,t,.."gth "' •• found for ... 11 _ld., in an 

inv •• tigation at.ed to decide acceptable lack of fit (gap) In connection. 

",lth tranl.i •• lon of forc •• by .'.u.ed contact pr ••• u,. •• The t •• t r'lult, 

....,.. never publ1ahed, but eoN finding • ....,.. u,.d in ECCS RecOMendaUonl 

17 ' and .. fa" ........... r"erred to in liN RecOMendaUonl 181. 

Th. t.lt. were IMKutld •• indicated in f1g7. The guid. ang1 •• "' ..... 

Uled aln'l inittal pl.,tic buckling started .oon aft.,. yield 1n the thin 

coeor ••• lv ... .eer , Ntth Quld. ang1 •• , .1 indic.tld in flO 7, the la.d "' •• 

po.,ibl, to inc,. •••• to lev.l, carr •• ponding to 750 Hpa on thl 10.. ~ 

800 ~. on the Is.. ca.pr ••• lon ...cer. Without .ny vl.ibl •• Ign of 

fractur •• the ca.pr ••• lv. -..ber ... then ~. or 1 ... llQuidlled, 

-410ating out - around the guide bolt_ a coupl. of ... Th .... tr ••••• 

carr •• pond to about 3 tl ••• YB of the _lid .t .. l co.pr ••• lon .. .cera. 
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In the e ... oi the l.s.. 4ill.t weldl, the aaxl~ .t~ ... r.ached 

occ •• lonally 2000 Kpa calculated .... an c~r ••• lv •• tr ..... over the 

thra.t .ection., ""ich corr.~ond. to 4 ti ... the apec:Ulec1 UTS for 

tensile Ipeclaenl. Still the vap wa. not ca.pl.t,ly clowad, .nd the .. ld, 

.u.t.ainttd at aubuquent tenat I, loadin; the ap.dfled UTe. 

Th, author wish to thank the Swedlah In.tltutl oi St .. l Con,tructlon, 

which financially IUpported .cst of the Inv •• tloatlona referred to 'n this 

paper, •• well •• the work with the paper it.,lf. 

The Author .110 wiah to thank the Swedish Council for Building 

"--earch. which financially • • d, it po •• lbll far the author to go to the 

-workshop· In Cacha" to pre.ent and discu •• the r.sult •• 
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ABSTRACT 

The paper i. aimed to compare the behaviour of several types strong 
Ixi. of beam-to-column bolted joints. which are commonly used in practice. 

INTRODUCTIaI 

An experiment.l investigation wa. recently performed at the University 
of Lifge. with the financial support of tRSIA and ARBED [I]. Three typel 
of connections between a beam and a column flange (ItronR axil connection) 
were ton.idered : i) end platel, ii) double web cleat, and iii) flange 
cleat. (fig. 1). All the connections are bolted ones with bolts of quality 
10.9 (H.S. bolt.). preloaded to 0 . 8 timel the material yield stress or, in 
some calel, with a lower torque moment (controlled hand tightening). The 
balic data are lilted in table 1 ; all the mechanical and ~eometricalproper
tiel of Ipecimens were measured but are not lilted here. The testing 
arrangement is shown in figure 2. The load P is increaled step by step 
either up to collaple of the connection, or up to • maximum deflection (20 
em) of the cantilever end. The deflectionl are mealured at the ends of the 
column and cantilever beam, as well al the Ilopes of beam and column axis 
in the joint . From these measurements , the relative rotation. of the con
nection , of the Jo~nt and that due to the .hear flexibility of the column 
web are deduced (fi~. 3). 

26 
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Teat Column Beam Relative Connection Loading Axial Bolt C1ea-
n' C 8 Stiffness (fig . 2) force t iP t. ran~~ d 8/C N (-
01 HE8160 IPE200 0,78 a 5 300kN C -
02 HE8 160 IPE200 0,18 b 5 - C 0 
03 HE8160 IPE200 , 0 , 78 e 5 - C 15 
04 HE8160 IPE200 1 0,18 a 5 100kN C -
05 HE8 160 IPE200 0.78 b 5 - C 15 
06 HE81 60 IPE200 0 , 78 e 5 - H 15 
01 HE81 60 IPE200 0.78 a 5 - C -
08 HE8 160 IP£200 0 , 18 b I Cye - C 0 
09 "E81 60 IPE200 0 , 18 e \ S - C 15 
0 10 HE8 160 IPE300 3,35 a I 5 - C -
0 11 HE8 160 IPE300 3 , 35 b 5 - C 15 
012 HE8160 IPE300 3,35 e S - C 15 
013 IIPE240 lPE200 0 , 50 a S - C -
014 [PE300 IPE200 0 , 23 a 5 - C -
015 HE8160 IPE200 0.78 a I Cye - C -
016 • HEBI60 IPE200 0.78 b I 5 - H 15 
011 I H£8160 [PE200 0,78 e Cye - C 15 
018 1 "E8160 IPE300 3,35 a Cye - C -
019 HE8160 IP£300 3,35 b I Cye - C 0 
020 I HEBI60 [PE300 3,35 e , Cy e - C 15 
021 [PE240 IPE200 0,50 • i Cye - C -
022 [PE300 IPE200 0,23 a Cye - C -, , 

-:The axial force is negligible or d haS no meaning 
5 : static loading ; eye : cyclic loading 
C : pt'e. lo.din~ to 0.8 fv ; H ~ controlled hand ti~htenin~ 

Table I - Basi c data for the teat specimens 

1'-"1 
Pt 

\ ~ 
1 

I Pl 
1 

~ Id 

I Pl 
Id 

f.. I" 
\ a) 1 b) I C) 

\ I I 
., 

Figure I - Types of joint. 
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Figure 2 - Teatin~ an-anlteme.nc 
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Figure 3 - H-+ Curve : a) of the connection ; b) oC the joint 
c) of the web column - (end platea). 

RESULTS OF THE STATIC TESTS 

Connection. with end platel. 

The retative rotation. of the connection and of the joint are nearly 
linear at the beginning of the loading (eig. l.a,b). Then occurs yieLding, 
which i. followed by a strain hardening of quail constant stiffness. The 
column web behaviour is different at all; the web is first nearly infini
tely rigid, then yields rather suddenly (fig. 3c). From the telt results 
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the influente af the main parameters can b. summarized as lollovI : 

.) The axial force ha' no .enaible effect on the ,ield .hear force in the 
range 0 < 130 MPa • i.e. 0 • O.S f • while theyieldin, 1DOIDent of the 
column flange is affected so that 'the lin.ar portion of the H-. curve 
is reduced; thi, ob.ervation i. in accordance with Packer', and 
Harris' conclusions [2] but in contradiction \lith ZoetelMijn' and 
!"untu' ~nu [)]; 

b) The initial .tilln ... of the joint aeeJIII jUlt be little influenced by 
the uia! force ; 

c) It is necesslry to distinguish between both bahaviour. of the column web 
and of the connection and to mod. liz. them I.parately. a. it appears 
clearly from figures 4. a-c. In test 07, t he co l umn web and the connec
tion contri~ute the rotation in similar proportion •• vhile. in test Ol~ 
the deformation is mainly due to the shear flexibility of the eolu=n 
~b. vhich is veaker than the connection. It can al.o be observed that 
the uSe of the full ela.tic .trenlth of the beam would i~ly • mArked 
non linear beha~iour of the joint. 

M(kNml M(kNml M(kNml 

IQiID 

---- ---
- - -101. OPE 200 

~ 

40 

10 

(radJ 0(rad.l 

0.02 0.1)4 0.02 Q.O( 1106 D.08 

(a) (b) 

Filure 4 - H-+ Curv. : a) of the connection 
~eb column - (end plates). 

----

kN m 

1P£ 100 
IPE lOO 

0.10 1102 

b) of tha joint 

IQi2J 

~ 

M. Mpi 

&a.1 71.2 
1&8.6 190.1 

01rodJ 
O.~ 1106 

(e) 

d) ~e initid stiffn ... in u.ts 07 snd 014 - specimen. fitted ~ith .. me 
e~d plates - is .hovu dep.ndent on the dimensioas of the column flanae 
(fia. 5). The more ~rked DOD lin.ar behaviour of speci~n 014 i. due 
to a weaker column flan,e aDO to the yieidin, of the compr •••• d zone of 
the web colu~. Yitb re.pect to similar stiffnes •• Ip.cimen 013 ben.
fits from the stroDg.r ri,idity of IPE240 column flaD,e. Unlike test 
07 . the coll.ple of the connections 013 and 014 is reach.d. due to 
,.ieldina in the compre .. ad partt of the column v.b I and the allocia
tad rigidity becomes nearly zero. 
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Fia_ 5- Connection ~-. curve. for tes ta . ri&. 7- Connection H-. curve for tu tOil 
07 - 013 - 014. (double web cl •• t). 

Connection. with double web cleat. 

The response of the teSts carried out on such toan.ctiona i. quite 
different from the previous one. The linear behaviour with. nearly conl
tant stiffn ••• i. folloved by successive .lips of the bolts due to hole 
clear~nc.. When 611 the boltl are bearinl . the holes are ovalized and the 
cle.t. diatort and yield. Following conclusions can be dravn : 

.) The curv.' corre'pondinR to similar specimens 05 and 016 (d - 15 am) are 
plotted in fi,ure 6. Only the bolt ti,htening is different: preload to 
0.8 f for specimen 05 and controlled hand tiahtenina for Ipeci=en 016. 
The llvel of tiahteninl does not alterate neither the initial stitfness, 
nor the behaviour after 'lip ; only the bendinl moment a'lociated to the 
first slip ~aries and doe. it proportionnally to the preload in the 
bolta (tia. 6). 

b) By reducinl the clearance d (fi,. I) from 15 mm to zero (specimen 02). 
the transmission of the applied bending mo~nt is .edified with the re
.ult of a =uch hi,her initial stiffne •• (fiA. 6). Indeed co=pre •• ion is 
transmitted by direct bearina between bea=rand column flanles, while 
tension i. supported by friction, then by shear after .lip occurs, and 
last by bearina pre •• ure. The non linearity before .lip i. due to dis
torsion and yieldinA of the anKles in the tensile zone, and la.t by the 
slip initiation in the upper bolts in the beam. 

e) A deeper beam (IPI300) allows the use of deepar an,la. with four bolt. 
(specimen 011), with the result of an initial stiffne •• nearly aqual to 
that of .pecimen 010 (conn.ction with end plate.). The clearance d-l~ 
allows the beam-and colu~ flan,es bearing and explains the incr.ase of 
riaidity at the end of the test (fia. 7). 
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Connection. with flan8e cleat •. 

The M-. curves dealing with tests ne 03 - 06 - 012 are ,ho~ in fi~ure 
8. It can observed that : 

a) The initial stiffnea. of test. 03 and 06 i. not affected by the level of 
tightening and that the ultimate strength i, quali independent of chi, 
level. However, the .lip i, initiated earlier for telt 06. 

b) With. deeper beam, (telt 012). the initial .tiffoe •• does not change 
.ignificantly ; so for the overall shape of the H-. curve. 

Fig. 8 - H-t curves for teats 03 - 06 Fig. 9 - Comparilon of H-. curve. for 
012 (flange cleats). 3 types of connections. 

Comp.rilan between different types of connection •. 

Pigure 9 show. for instance the M-. curve. a •• oeiated reapeceivIly to 
the three type. of connection. for a joint between a HEI60B column and an 
IPE300 beam. 

CYCLIC tESTS 

The cyclic tests were performed in accordance with. standard procedu
re (51. At the present time, the results have not yet been fully investi
gated. Therefore only a cyclic test is compared to a .tatic one , both 
being carried out on identical specimens (fig. 10). 
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Figure 10 - Comparilon between Ita tic and cyclic teltl. 

MODELLING OF H-t CURVES 

An ambitious goal would be to define the Hr. curve of • joint frou the 
whole geometry and the mechanical propertie. of the connection and of the 
connected elements. Such an attempt was made for connections with end pla
tes [4] but has to be .omewhat modified [6] and improved in order to be in 
a quite satisfactory agreement with experimental relultl . The authora are 
intended to contribute luch improvements and extend the procedura to other 
kinds of connectiona and to s hear column webl. 

REFERENCES 

I. Jaspart. J.P., E ••• i. lur assemblage. poutre-colonne d'axe fort. 
CRIP, 8ruxellea (in preparation). 

2. Packer. J.A. and Horri., L.J., A Li.it State 
Region of Bolted Beam-to-Column Connection •. 
Vol. 55, lQ, October 1977, pp. 446-458. 

De.ilt;1 for the Ten.ion 
The Structural Engineer, 

3. Zoetemeijer , P. and Hunter , H. , Influence of an Axial Load in the Column 
on the Behaviour of an Unstiffened Beam to Column End Plate Connection. 
Stevin Laboratory Report N· 6-84-1 , Delft Univer.ity of TechnoloRY, 
January 1984. 

4. Yee, Y.L. and KeIcher., R.E., Moment-Rotation Curve. for Bolted Connec
tion •. Jl. Struc. En~r8., A.S.C.E. Vol.112, 1. Harch 1986 , pp.615-63S. 

5. E.C.C.S., Recommended Testing Procedure for A ••••• ing the Behaviour of 
Structural Steel Elements under Cyclic Load.. E.C.C.S. Publication n-
45, 1936. 

6. lI.quoi, n. and Ja.part,J.r., l'oncnt rotAtion Curves for Dolted Connec
tion. - Di.cu •• ion of [4]. (to appear in Jl. Struct. En~rg.). 



PREDICTION OF HOHENT-ROTATION BEHAVIOR 
OF SEHI-RICID BEAM-TO-COLUMN CONNECTIONS 

J.aes B. Radztainski 
Depart.ent of Civil Engineering 

University of South Carolina 
Columbia, SC 29208 

USA 

and 

Atorod Azizinaaini 
Construction Technology Laboratories, Inc. 

Skokie, IL 60077 
USA 

ABSTRACT 

This paper presents the results of a study of the static behavior of 
leal-rigid steel beaa-to-colullln connections. PrOIll the experi.enUl 
investigation, the geometric parameters which most significantly affect the 
ltO.ent-rotation pertor.ance of the connections have been evaluated. An 
analytical .odel vas developed to predict the co-plete non-linear static 
"M-nt- rotation behavior of the connections. The aodel vas found to 
cOlipare reasonably veIl with the test data for the range of connection 
stiffnesses ex •• ined. 

INTRODUCTION 

The analysis of steel fraae building structures with fully rigid beaa
to-coluan connections is a straightforward one, and buUdings utilizing 
auch fraaing systeas have been used extensively in design practice. Hore 
recently, increasing interest has been expressed in the use of semi-rigid 
(partially restrained) connections for building frames, spurred by 
potential economies that lIIay be realized froll shpler connection details, 
and by "tuning" the connections (i.e., adjusting connection stiffnesses) to 
optiaize the distribution of .oaents in the connected lIembers. 

Seai-rigid connections are characterized by a decidedly non- linear 
aoeent-rotation (H-+) behavior which, in turn, can contribute 
significantly to the performance of the complete structure, including 
strength Haits and drift considerations (1-41. In certain instances, 
definition of the co.plete H-+ relationship .ay not be necessary, and an 
estiaate of the initial stiffness of the connection (initial slope of the 
H-+ curve) will suffice. For exaaple, under service gravity live load and 
wind load fluctuations, corresponding to a nOlilnally elastic response of 
the structure, frame analyses using linearized connection stlffnesses lIay 
be adequate (5,6). Under extreme loading conditions, hovever, such as 
those iaposed in a setsaic event, use of the full non-linear H-+ curve 
(coaplete hysteresis loop) is required to assess structural perforaance. 

In the study reported herein, the static .Ollent- rotation behavior of 
connections consisting of bolted top and seat flange angles, and double veb 
angles, was lnves t Iga ted. The obj ec t i ves of the study have been to 
experi.entally deteraine the geometric paralleters vhich IIIOSt significantly 
affect connection perforaance, and~ froll these data, to develop analytical 
aodels to predict the static H-+ behavior. Hodds used to predict the 
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in1 thl stiffness of the connections, are reported elsewhere (7). In this 
paper, a seai-eapidcal .ode! for predicting the co.plete non-linear H-+ 
curve of the connections is presented. 

EXPERIHENTAL INVESTIGATION 

Description of Test Prolr~ 

The test a •• bers consisted of a pair of be •• sections attached to • 
centrally positioned stub colulln. The connection de.ents vere coaprised 
of top and seat angles bolted to the flanges of the be.as and supporting 
coluan, together with double web angles bolted to the be •• web and to the 
colu.n flanges. 'The top and seat anlles "ere: the sa •• for a given test. 
and the web angles vere centered on the be... AST" A36 steel vas used for 
the .eabers and connection elementsj all fasteners vefe 3/4-inch or 718-
inch diameter AST" A325 heavy hex, high strength bolts. A325 hardened 
vashers vere used under the turned elements. 

Tvo be .. sizes, V14X38 and V8X2l , vere used in the test progr... Por 
the 14-inch sections, the overall bea. length vas 20 feet, and for the 8-
inch sections, 12 feet, sO that t he span-to- depth ratio vas slightly less 
than 20 in each ease. The stub coluan for the V14XlS be .. s vas a V12X96 
seetion; a V12X58 coluan section vas used vith the V8121 beaas. Heavy 
coluan sections vere selected to alni.he coluan panel zone deforaation, 
thereby confining the deforaations to the connection ele.ents. Detatls of 
the V14X38 and vaX2l connections are shoyn in Figs. 1 and 2, respectively. 

A pair of duplicate specimens vas tested sbultaneously using the 
fraaing arrange.ent shovn in Pig. 3. A 55 kip, hydraulically actuated raa 
vas used to apply load to the test aeabers through the central stub colu.n. 
In all of the tests, the controlled input variables vere the rate and 
Illagnit ude of actuator dhplace.ent. Coaplete de taUs of the test 
procedures, including speciaen preparation and types of instruaentation 
used, are reported in Ref. (8). 
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Test Results 

Eighteen speel.ens vere tested in the expert.ental investigation. The 
geoHtric properties that .... ere varied In the para.etric study included: 
the depth of the bea. sections, the thickness and length of the beam flange 
angles, the gage and spacing of the bolts in the leg of the flange angles 
connected to the column flange, the thickness and length of the web angles. 
and the bolt diameter. Details of the geometries of the individual test 
.peel.ens are reported in Table 1. 

A suaaary of the test results Is presented in Table 2. Table 2 
includes the initial stiffness of the connection, the slope and intercept 
.oment of a secant line from the origin intersecting the H- + curve at a 
rotation of 4XIO-3 radians, and the moment and tangent slope at 24XIO- 3 
radians. The latter slope, although not intended to represent a final, 
constant slope for a specific conne~tion, does allov comparisons to be .ade 
.aong the various connections, as veIl as quantifying the degree of 
softening of a connection relative to its initial stiffness. SiaUady, 
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the reported secant slope and .o.ent are indicative of the relative 
behavior of the connections during t~e early part of the loading cycle. 

Table 1 
Schedule of Test Spec! •• ns -_. .. .. 

:.:"" - ot-:!t.r 
_. 1=' ":,,,,,";.;:0 -. ,=, lOction 

( Lnc:hI:, ) ,~,=, 

1051 ",WI l/' .... 00;0 • , 1/1 1LW 1/2XI.I' 81/1 
lOll ",WI l/' .... Ul/l • , 1/1 :u.w 1/1>1/' a 1/1 , .. , ",WI '/. .... W;O • , 1/1 1LW 1/2XI.I' 5 1/1' 
145. ",WI '/. .... 00;0 • , 1/1 1LW lI1Il;O 

• 1/1 

151 ,,",1 l/' I.6Xl l/lZS/l' • , 
""'" 1/2XI.I' 

5 1/1 
W ,,",1 l/' I.6Xl l/lIl;O • , 

""'" 1/2XI.I' 5 1/1 
IS' ..." '/. I.6Xl l/lZS/l' a , 

1LW 1/2XI.I' 
• 1/1 ... ..." l/' 1.6X6Xl;O • • 1/1 1LW 1/2XI.I' 51/1 

IS' ..." l/' I.6XW;O a , 1/1 1LW 1/2XI.I' 51/1 
lSI ..." l/' .... U5/1. • , 1/1 1LW 1/2XI.I' 51/1 
1S7 ..." l/' LfiXoo;O • , 1/1 ""'" 1/2XI.I' 51/1 

1455 "'WI 7;0 L6XW;O • , 1/1 1LW 1/2XI.I' 
• 1/1 , ... "'WI 7;0 L6XUl/l a , 1/1 1LW 1/2XI.I' a 1/1 

1451 "'WI 7;0 ........,. • , 1/1 1LW 1/2XI.I' a 1/1 , ... "'WI 7;0 .... Ul/l • , 1/1 1LW 1/2XI.I' 
• 1/1 

lSI ,,",1 7;0 I.6Xl l/lZS/l' • 2 1LW 1/2XI.I' 51/1 ... ..." 7;0 I.6Xl l/lIl;O • 2 1LW 1/2XI.I' 
• 1/1 ISl. ..." 7;0 I.6Xl I/2XI.I2 • 2 1LW 1/2XI.I' 5 1/1 

*1\10 aolu at l-lnd:I. ~, KUltAd in top be) holM CIl ,bib ool~. H,. l. 

Table 2 
Su.ury of Test Results 

Spec,"," tnitl&i iiope slCl» of SoIcw\t nne "-"t IE 11. of 4 ~t.t .... , of ...... Q.lrw to ...... Olrw at 4.Oa.lo-3 Cll<wat 2Wo-l 

4.0110-1 r~ana .. Olena 2U1o-1 (adi~ -(t-ln. ""'.-') (t-ln. ,,",.- ) (It-ln. , (t-ln. ,,",.- ) 1Jr.-ln.) 
,..u .. ,..u .. ,..u .. 

'''' 195.0 101.1 OS 5.' ... 
1452 295.0 151 .• 607 12.6 (9.7)-
us, US., .... JSS 7.' m 
1454 221.9 124.0 'M .. , au 
'45' '" 117.4 467 10.' m , ... '" 146.9 SI. 10.3 1053 

'''' S79 256.9 '017 15 •• 1561 
1 ... 2S1 1S4.1 '" .. , 1024 

ISl 66.7 44 .3 177 ' .1 J29 
W 1.23.4 69.' m 1.' UI., ... 
IS' 104.1 "., m ••• m 
IS. 15 . 3 14 . 4 57.5 2.2 165 
ISS 16.7 41.' 191.5 2.7 Jl7 
lSI " .5 lO.' 110 ,., ". 
IS7 41 .' .... l6l '.2 1Il 
lSI 10 .... III ,.a lOCI 
ISO 104 54.' n. ••• w 
1S1O 417 10,f,.1 tl4 ••• (6]4)··· 

• Najol£" dip at 12 J: 10-] end 20 :r lIrl c.sian. 
.. "'jol" aUp at 16 J: 10-] ,.u..n. 

... "'jot" SUp at 5.] z: 10-1 r.si ... 
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The co.plete .o.ent-rotation curves for leveral of the te.t connection, 
are shovn in Pi, •. 4 and 5. In .11 of the test., the connection. exhibited 
an M-+ responSe that beeaae non-linear early in the loadine .equence. 
This is attributed, prl .. rily, to local yieldin, and eventual plastic hln,e 
for .. tion at each toe of the lUlet 1n the angle .tt.ch~ to the tendon 
flange of the be... Another hinge developed In the vicini ty of the bolt 
line on the lei of the flange an,le attached to the colu~, toatther with 
progressive plastic bin,!n, In the outstandinc leI" of the vab an,le •. 
With the exception of three speciaens that exhibited slip in the connection 
angles, all of the te.t connections vere able to develop continually 
increasing _a_ents throu,h the full range of rotations i.posed durin, the 
te,ts. During the latter period of loadJng, a nearly con~tant or only very 
rradually deerea.inr positive slope of the ao.ent- rotation curve va. 
exhibited by all but one of the speei.en •. 

-. kip-w;hes 

,000 

,. .. 
to 

",sa 
t-V2" 

-----'CoMection DetOli. 

F10ftIt AntMt: tfIkMH. ¥CII'1obMI " 
fOlIe on 00f - 2: - 112 

MntttI - o· -." 
Wtb AlIt ... : 2:L - 4.'-II2.I .... 0··.·II2 .. 
801 DIG.ett r ~ T,." 

o OL--o.'::o--"""'::D'--':="="'.O::=;'::'''~.o:-=--.. ~ 0 

Rotation, rocia,. (X 10001 

'i,ure 4. Typical Ha-ent- Rotation Curve. for V14X38 Speci.en. 

-. klp-w;,," 
CorHctlOn Detail. 

Flonte Anti" : _kM • • ¥OI'1ob4t 
fOlIe on 00f. - 2" 
Ientt" - d _6 .. 

Welt Mo •• : lL-4a'-ll2alJitaO'-$·II2" 
eol DIG'tIt't r : T,." 

o oL--a:'..o---''''-:D'--'::=:'':''::.O=~''~JJ:-=--''~- D 

AI:Op ..... _(XIOOOI 

'i,ure 5. Typical Ho.ent- Rotation Curve. for VaX21 Speel.en. 
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Froa the expert.ental Investigation~.l7,81, it vas found that, of the 
,eo.ttric par ... lers studied, those that aost signifIcantly affect the 
inittal stiffness and .~ent-rot.tion perforaance of the connections an: 
The depth of the beu section to vhieh the connections vere frued, the 
thickness of the flange angles, and the gage (including the effect of bolt 
diaaeter) in the Ie, of the flanee an,le attached to the coluan. 
Yarl.tions in the length of the flange angles, and the length and thickness 
of the yeb angles, had. less pronounced effect on connection response. 

PREDICTION OP HOHENT-ROTATION BEHAVIOR 

In 1969, So .. er (9] developed a technique to predict the aoa.nt
rotation curve for flexible type connections. The use of SOlllaet's .ethod 
can lead to predictions of a negative H- + slope. To overco.e this 
proble., a .odified procedure vas developed (7) i the analytical 1R0del, 
vhich uses the test data fro. the paruetric study described above, is of 
the for.: 

where: 

3 5 •• C1(KH) + C2(KH) + C3(KH) 

+ _ rotation of end of be .. with respect to colu.n face 
H • • o~nt developed by beaa- to-coluan connection 
Ci - e.pirically deter.ined coefficients 

'" '" '" • P lp 2 n and r. - 1 2 • • • P n 

vhere: Pi- ,eo.etric perueters affecting H- + relationship 

ai- e.pirically deter.ined exponents 

[1[ 

The par •• eten (P) selected for the .odd were the depth of the 
supported bea. (d), the thickness (t) and length (1) of the flan,e angles, 
the "effective" lale (g-db/2) in the leg of the flan,e angles attached to 
the colullil flange (vhere g is the gage fro. heel of anile and db is the 
bolt diueter), and the thickness (t c) of the veb angles. 

Usin, the curve-fittin, process described in Refs. (7,8), the follovin, 
nuaerical values of the exponents a i and coefficients Ci vere obtained: 

PI • t '"I • - 1.1280877 

P2 • d '"2 • - 1. 2870455 

P
3 

• t "J • - 0.41454097 c 
P4 • 1 '". 

• - 0.69412158 

P5 • g-dbl2 '"5 • 1.34994572 

and C1 • 0.2232429XI0- 4 

C2 • 0.1850728XI0- 7 

C
3 

• 0.3188976XI0- 11 

Co.parisons of the .o.ent- rotation curves predicted by Eq. (I) vith the 
test results for several test speci.ens are shoyn in FilS. 6,7. In general, 
with the exception of the stiffest connections in both the V14X38 and V8X21 
test series, the .odel offered reasonable approxi.ations to the .oment
rotation curves of the connections up to the li.itl of rotation exa.ined in 
the test pro,raa. Par the stiffest connections of each bea. size, the 
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eodel underesti .. tes the _o_ents developed at the 1ar,er connection 
rotations. It is rec~nded, therefore, that Eq. 11) be restricted to 
connections in wh ich the flange angle thickness 18 of the sa •• order as the 
thickness of the be.. flangej use of this expression should not be 
extrapolated to predicting the H- + response of significantly stiffer 
connections nor to connections consisting of top and •• at anlles only . 
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SUHHARY. CONC"USIONS 

A test peoge •• vas conducted to _F'l81uate the static .o.ent- rotation 
perfor.ance of se.i-rigid bea.- to-colu.n connections consisting of top and 
seat flange angles, and double veb angles. Initial stiffnesses and 
co.plete H-+ curves vere quantified for connections of varying geo.etry . 
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Fro. the test prograa it vas foun4 . that, for the type of connection 
studied, the ,eoa.tric paraaeters that aost significantly affect aoa.ot
rotation behavior are: the depth of the btl ... ection to vhich the 
connection eIeaents are fra.ed, the thickness of the flange angles, and the 
effective gage in the leg of the flange an,lel attached to the coluan. 

Using the test results, a peruetric ~el vas developed to predict the 
eoaplete non-Unear static alolDent-rotation behavior of the connections. 
The aodel offers reasonable predictions of the "-+ response of the 
connee t Ions; hovever I for: the s t iffes t connections tested vith each beam 
size, 1 t underestiaates the ao.ents developed at the larger rotations. 
Until additional data are avail.ble and further refine.ents to the .odel 
are possible, it is reco.-ended that the expression reported herein be 
confined to the estimation of H-+ curves for connections in which the 
thickness of the flange angles does not exceed appreciably the thickness of 
the flange of the supported beam. 
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EXPERIMENTAL ANALYSIS OF END PLATE cx)NNECTIONS 

R. Zandonini and P. Zanon 

Department of Engineering, University of Trento 
Mesiano di Povo - 1-38050 Trento, Italy 

ABSTRACT 

The prediction of joint rotational behaviour il a preliminary step in the 
analysis of semi-rigid frames. Mechanical models may be used and the 
behaviour of the whole joint obtained by "sUltlDing up" the contributions of 
the individual components. In order to develop simple model. suitable to 
predict such component contributions results from ad hoc experimental 
research are needed. The paper presents an experimental technique adopted 
for that purpose. Results related to extended end plate connections are 
reported and their evaluation in order to characterize the moment rotation 
relationship discussed. 

INTRODUCTION 

The great majority of the investigations related to steel joints were, 
till recently , aimed at defining their ultimate strength capacity. The 
knowledge of the behaviour of the joints over its complete range were not 
of particular interest. Frame design was in fact based on the simple ideal 
models of rigid and pinned joints. Late research work, both experimental 
and numerical (1-5], contributed to a better understanding of the 
influence of joint flexibility on the performance of the whole frame. The 
possibility of considering the joint behaviour as a design parameter. 
allowing advantages in terms of cost effectiveness and/or structural 
reliability to be achieved, is indicated . The practicality of such an 
approach requires the capability of predicting the joint response. 
This problem seems not yet solved. In effect. the number of governing 
mechanical and geometrical parameters (even for connections with simple 
detailing). suggests the suitability of an approach. which separate the 
contribution to the whole joint behaviour of its individual components 
(fig. 1) : i . e . column panel zone (fig. 1b). column flanges (fig. lc). 
connection elements (fig . ld). The joint response i. then obtained by 
"'UDWIing up" these contributions (fig. la). The feasibility of this 
procedure has already been established [6,71. Moreover, such an approach 
has the advantage to favour a stral<}ht definition of the joint "rotation", 
a quantity which was given in the past a nonidentical meaning by different 
researchers. 
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The authors are conducting a re.earch aimed at developing simple mechan
ical modela , allowing for the prediction ot the joint moment rotation 
curve.. With reference to this philosophy by components, the first pha •• 
of the study 1. devoted to the behaviour of the 101. connection. [8). This 
paper intend. to highlight the experimental technique adopted and pre.ent 
a firlt •• rie. of results related to extended end-plate connections. Their 
evaluation 1, finally dilcua.ed 1n order to point out the parameters u •• -
ful for the prediction and to 11ngle out the contribution of the different 
components (end plate and bolta). This data give. the preliminary informa
tion n •• d.d to •• lect suitable mechanical mod.l. and represent the nec •• -
lary benchmark to their validation. 

ROTATION OF A CX>NNECTION AND CX>MPONENTS CX>NTR18UTION 

The rotation ot the connection 
(fig . Id) can be defined with 
reference to the end of the 
beam . as indicated in figure 2. 
under the as.umption that this 
cros. .ection remains plane. In 
reality. because of the yielding 
induced by the high contact 
preSSUreS and/or by the interac
tion with the end plate in the 
tension zone. this assumption il 
generally not fulfilled. Fil. 2 

Nevertheless. it .eems the most appropriate for its practicality. due to 
the s~licity and the conaiatency with the cla •• ical beam theory. In the 
same figure a criterion is graphically defined • which enable. a .ingling 
out ot the contribution to the connection rotation (.cn) at the defor-

TESTS ON EXTENDED E.ND PLATE CONNECTIONS 

The geometrical characteristic. ot the connections te.ted are reported in 
figure 3. E.nd plates with extenaion on one .id. or on two .ides at the 
be&~ were conaidered. Within the .ame type of connection only the plate 
thickne.. was varied, alloving different ratio. betwe.n the plate and 
bolt. stiffne •• to be obtained. 
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The specimen ~a. connected to a oounterbeam ~ith negli91ble detormability. 
Displacement 
transducers 
located aa in 
t iqure 4 made 
it posaihle to 
determine: a) 
the connection 
rotation (four 
transducers A 
in fig. 4a); 
b) the rota
tion of beam 
cross section 
at 300 rrm from 
the plane of 
the connection 
(two transdu-

EPB 

--- I--

'9 
. 120 \ 

<{ .. 
110 " 2<1.,. 

HOLES ~ 21.5 

• 

IPE300 
EP 

l ' P --~ , 
T ' .on 

,'20 t 110 .' 
TEST I.!::', ,. ,-, 

12 
EP81 · 1 
E. ,-. 15 
EP81 - 2 
E. , -3 18 
EP81 -3 
E. ,-. 22 
':PB ,-e 
E. ,-. 25 
EP81- ' 

BOLTS M 20 GRADE 8.8 
Fig. 3 

cers B 1n fig. 4a); c) the rotation due to bolt deformation (four transdu
cers C in fig. 4b). Finally, displacement transducers ~ith the sensitive 
pin entering a concentric hole in the tension bolts (f1g. 5) enabled a 
control on the initial tightening conditions and a following of the bolt 
axial deformation. Bolts were pretensioned up to a force uqual to the 40\ 
of the nominal tensile strength; this state of stre.s roughly approximates 
the snug tight condition. LYOT 

The ~ 
specimens 
were sub
j ect to a 
horizontal 
force ap
plied to 
the upper 
end of the 
beam stub 
80 to give 
rise in the 
connection 
to bending 
moment and 

-, 
;l 

I , I 

• • C 

• • 
ib 

Fig. 4a 

-
; 

C 

.. 

Fig. 4b Fig. 5 

shear. In order to 
response, the load 
unloading cycles. 

obtain a realistic appraiaal of the connection 
i. increased by a series of aubsequent loading and 

EXPERIMENTAL RESULTS AND THEIR EVALUATION 

The rotational behaviour of the overall connection is described by the 
moment rotation characteristics. The figure 6 gather all the M - .cn 

relationships obtained for the specimens tested, grouped by type of 

connections. The average value M b of the plastic moments of the beam is 
p. 

also reported, determined on the base of the experimental yield strength 
and the actual dimensions of the cross section. It may be remarked that 
all the connections showed a moment capacity greater than the plastic 
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moment of the beam. though their ulttma~e strength increased with the end 
plate thickness from 181.5 kNm (EPl-l) to 225.1 kHm (EPl-S) for the EP 
tests and from 202.8 kNm (EPBl-2) to 227.5 kNm (EPBl- S) tor the EPS 
tests. A comparison between the curves related to the corresponding 
specimens of the two series shows that the presence of the extension of 
the end plate on the compression side has a limited influence on the 
connection behaviour and strength . 

200 ...----.llp 1-' 
II' 1-1 

100 100 

Fig. 6 

IN" 

I"" . .:..:,-,",,-_1" 1· 2 

.04 .Ga [...j 
The significant strains in the beam stub, within the hardening range, 
caused the inelastic buckling of the compressive flange (and of the 
adjacent zone of the web for the specimens with thicker end plate) before 
the moment capacity of the connection was achieved. 
The rotation capacity, is at the contrary adversely affected by the u,cn 
increase of the end plate thicknesl: .u,cn decreases respectively 

from 0.08 to 0.02 rad (EP connections) and from 0.05 to 0.01 (EPB 
connections) . 
Although these differences in strength and ductility, the moment rotation 
relationships do have a very similar shape, characterized by a linear 
elastic response up to a moment value ranging from the 40\ (thin plates) 
to the 60\ (thick plates) of the ultimate capacity followed by a behaviour 
remarkably nonlinear. The shape 
and the extension of the curve in 
the latter range depends upon the 
connection component, which 
principally is affected by 
yielding. When the end plate is 
relatively thin, the connection 
rotation in the nonlinear range 
is mainly due to the elastic
plastic bending of this component 
(fig. 7): for the connection EPl-
1 the end plate contributes more 
than the 90\ of the overall 
rotation. The rotation capacity 
of the whole connection is then 
substantially affected by the 
local ductility of the tension 
zone of the end plate. This 

zoo 

100 

Fig. 7 
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ductility 1. generally very high, but may be considerably reduced .a a 
con.equence ot the process of welding the beam llange and the plate. 
which modifi.. the material characteristics 1n a zone were important 
plaatic strains should develop. The contribution of the bolta become. more 
and more significant (up to about 35\ for the teat EPl-S) with the 
1ncre... of the end plate thickness. The limlted ductility, typical of 
high strength bolts, tends then to affect negatively the rotation capacity 
of the overall connection. 
!be measure. related to the bolts elongation pointed out some inter •• ting 
f .. ture. of their behaviour; in particular, .a it appears from the curve. 
1ft fiqure. 8 and 9, related to the average deformation his tori •• of the 
bolts ~.rnal and internal to the beam stub respectively for the 
connections EPl-l (t • 12mm) and EP1-S (t • 25mm}.: 
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a ) Th. initial preload .ignifiea~tlY deer.a •••• and oft.n t.nd. to vani.h • 
• ine. the very first loading cycles, though the bolt .tr.l. remain. 1n the 
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ela.tic range veIL below the .la.~~c lLmlt. This 10 •• ot pre loading •• em. 
then to depend principally upon the permanent deformation of the ~a8h.r •. 
b) The bolt. internal to the beam are lubstantially more ,tre ••• d than the 
external bolta. However, the incre ••• ot the end plate thickne •• reduce. 
this ditterence in the stre •• atate. 
c) The end plate thickness affect. th_ type ot the bolt stre •• atat., ••• 
COIIp&rllon betw •• n the curve. related to the external bolts (f1gq. 8b tor 
the teat EPl-l and 9b tor the teat EPl-S) alr.ady sU9gest. The external 
boltl in the specimen EPl-l experienced remarkable pl •• tic deformation., 
while their behaviour 1n the specimen EPl-S ahowl a limited nonlinearity, 
although the ultimate strength of the connection 1. attained under a 
higher applied moment. If an attempt i. made to determine the axial (orce 
in the bolt by relating the deformation meaaured during the connection 
teat. to the con.titutive law determined via ten.ile tests on individual 
bolta. the re.ults indicate that yielding in the bolta o( connections with 
thin .nd plates i. beginning when the axial load ia noticeably lower than 
the yield strength value d.duced (rom the tenaile tests. This di.crepancy 
i. on the contrary modest for the connections wi th the thickeat end plate. 
Ctp. 21 and 2S mm). These reault. point out that the aignificant 

deformationa of thin end plate. t.nd to .ubject the bolts to a 
nonegligible bending. as in effect experimentally observed. 
The pre.ence of this bending moment greatly influence. the yield and the 
ultimate atrength of the bolt and therefore explain. the above mentioned 
d1fference. in the behaviour of the external bolt. of te.t. !Pl-l and 
EPI-S. ~ to the internal bolta. the plate. due to ita greater stiffn.aa, 
~.ea at the .ame ttm. higher axial forces but lower bending moments: 
the type of behaviour is then 1... affected by the plate thickne •• 
(cc:mpare al.o figures 8a and 9a). 
The knowledge of the rotation ot the beam cro.s .action at 300 mm from the 
connection plane (fig.4a) allow. 
al.o the flexural response of the 
end part of the beam to be ~N 
determined. The plastic 
deformation of the beam was 
alway. important, as it appear. 
from tiqure 10. These results 
&mphalize the need that, 1n 
experimental re.earch, rotation 
measuring techniques are adopted. 
which allow the flexibility 100 
Inherent to the 801e connection 
respon.e to be .1ngled out from 
that of the end part of the beam. 

The reault. a. a whole repre.ent 
a con.i.tent .et of data, which 
makes it po •• ible to draw some 
first general conclUSion. on the 

con". -
nat lit 1·, 

Fi,. 10 

mechanical model. more appropriate for prediction purpo •••. 

lei . 

The additional restraint. given to the end plate in the zone internal to 
the beam by the presenc. of the beam web, influence. to a large extent the 
connection behaviour. Such a re.traint cau.e. a nonneg11gible 
di •• ymmetry, with re.pect to the beam ten.ion flange,both of the plate 
deformation and of the stre ••• tate of the .ame plate and of the bolts. 
Con.equently, the model. which .ymmetrize the plate and bolt. behaviour, 
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such .1 the T .tub model. may not always be able to predict the connection 
r •• pon.. with latiatactory accuracy. In particular, they cannot <at l ••• t 
they cannot directly) recognize the ditterent .tr ••• atat. of the internal 
and external bolt •• The complexity of the ob.erved behaviour sU9ge.ts that 
• greater accuracy can be achieved by model. , which account 1n a more 
re.liltic way tor the end plate behaviour, by d •• ling I.parately with the 
external and the internal pa.rt. The former part can be 11mply nw:>d.U.d a. 
s cantilever element clamped at the beam flange and subject to the bolt 
reaction and to the pouible prying .. 
forc... The part internal to the beam JI • 
has to be considered .a a plate with _. 
appropriate edge reatraint •. A firat 
validation ot this modelling procedure 
1. given by the r.sult. related to the 
prediction of the connection plastic 
moment (.e. the folowing section), The 
pl •• tic mechani •• presented in figure 
11 (and obtained by modUying the 
p~sal of reference 9) allow. this 
moment to be determined with an error 
lower than the 9\, For thick end 
plates the plastic mechanilm of the 
internal part of the plate may not be 
activated, because it would correspond 

" 

.,~.~ .. 

" Pig. 11 

II 

+ 

t 

L 

to a force in the bolt gr.ater than its tensile .trength, A further 
improvement may be obtained, by refining, on the base of the expertm.ntal 
data. a method propos.d by on. of the author. 1101. 

MODELLING OF THE H - • CHARACTERISTICS 

The use of simple mechanical models in order to predict the moment 
rotation relationship. require. the definition of the parameter. which can 
be reqarded as "characteri.tics", i .•. suitable to describe the rotational 
behaviour of the connection. The model accuracy is then checked on the 
ba.e ot it. capability of evaluating these parameter. with .ati.factory 
precision. The exper~ntal results were therefore thoroughly analysed 
with the aim at defining the characteri.tic parameters for end plat. 
connection •. 
Figure 12 .how. the rotational respon.e of a .pecimen to the first loading 
cycle.. The effect of the los. of the pre loading of the bolt. on the 
ov.rall connection behaviour i. apparent. In the initial phase, two 
different stiffne •• value. characterize the respon.e related respectively 
to the conditions of plate in contact (ki ) and ot plate .eparated from the 

flange of the counterbeam (k
i 

~). Th. loading (and unloading) branch ,re ... 
defined by the .tiffne •• k i shorten. up to vani.h after a tew cycle •. The 

stiffne.. k i.red (which remains almost con.tant tor all the loading and 

unloading branche.) characterizes completely the ela.tic branch •• of the 
.ub.equent cycles. The inelaltic behaviour ia highly nonlinear and .hows a 
remarkable strain hardening; however. it seeml po.sible to identify a 
characteri.tic value of the stiffn •••• k. t , defined as the mean value of 

the .tiffn ••• el of all the inelaat1c part. of the loading branches (fig, 
12), 
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The values of the Btitfnaaa.s k~. 

ki,red and kat determined for the 
connections tested Are reported 1n 
table 1. where a180 the contribution. 
of the end plate and of the bolt a are 
singled out. 
In order to describe completely the 
connection characteristic it i. also 
nece.sery to define the value. of the 
elastic limit moment M. and of the 

plastic moment Mp' The latter defini

tion 1_ not clear-cut, when based on 
the experLmental results. It seems ap
propriate to refer to a conventional 
value and define the plastic moment .a 
the moment at which a lignificant in
ere... of the plastic deformation of 
the connection becomes apparent. This 
moment level may be practically ob
tained by means of the stiffness 
parameter. previously defined. Two 
boundary values of M (M 1 f and 

p p. n 
M ) may then be determined on the p.sup 
ba.e respectively 
stiffness k i and 

of 
1ts 

tho initial 
reduced value 

k i • red • following the procedure 

illustrated in figure 13. The two 
evaluations of the plastic moment dif
fer only slightly for the connections 
tested; the mean value was then 
assumed and 1s reported 1n table 2. 
The table 2 gathers the values of He 

and Hp the ultLmate moment. Hu of 

the connection, the plastic moment of 
the beam stub H b and the rotation p, 
.ucorresponding to "u are also 

reported. 

M 

M 

Mp 

Mp 

M 

Mp 

The knowledge of the above mentioned 
parameters enables a modelling of the 
connection behaviour as illustrated in 
fiqure 14. However, representation M. 
with higher level of accuracy can also 
be used. 
An analysis of tables 1 and 2 provides 
u.eful indications for the development 
of mechanical models suitable for 
predicting the response of the 
connection. 
In table 1 
connection 

the contributions to the 
stiffness supplied by the 
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and plat. and by the bolts are singled out. Th ••• contributions ware 
computed on the be.i. of the H - • relationships determined tor the 11ngle 
component. (fig. 10). The overall stiffne •• , defined vith reterlnce to the 
.ament-rotation curve ot the whole connection, w •• verifled to be in very 
good a9reement with the value deduceable by conlidering the two component 
.. arranged "in •• rt •• ". Valu •• of Ki ara mean valu •• related to the 

eycl.. with maximum applied MOment lower than the ala.tic I1ait moment. 
They are influenced by the bolt preloeding and by initial contact 
condltions. As to the reduced atittn ••• ki,red' it may be noticed that: 

.) the bolt contribution depend. on plate atittn ••• and incr ••••• with 
thl. parameter; b) the increment of the plate eontribution 1. 1 ••• sig
nificant than expected on the basi. ot the variation in thickne •• , in
dicating an important intluence of the plat. r •• traint condition., ~hich 
change ~ith the plat. flexibility (al.o in relation to the bolt. 
tlexibility); c) in all cas.s the plat. deformation contribute. more to 
the joint flexibility; hovev.r the bolt contribution i. n.ver ne9ligibl •. 
Finally, a. to .tittne.. kat it may be noticed that: a) no correlation 

exi.ts bet~een the bolt contribution and the plate thickne •• ; b) plate 
deformation i. fundamental for the .... ssment of the overall .ti!!n •••. 
Ila.tic limit moment. ".,cn reported in table 2 rang. betw .. n the 55\ and 

the 80\ of the pl.atic mom.nt M and from the 40\ and the 62\ of the p,cn 
ultimate ~nt of the connection K . Plastic momenta are an almo.t u,cn 
conatant percentage (between the 70\ and the 80\) of the ultimate moment 
capacity and are clo •• to the plaatic moment of the beam. 
FUrthermore, it re.ults are evaluated by component, as done for the 
atiffne.a parameter., the analysis of the K-. curve. enable. a 
det.rmination of the l.vels of moment, for which the ons.t ot yield is 
achieved for the plate and for the bolt •. Moment level. at ~hich a .harp 
increa.e of the plastic deformation show. up tor the two component. can 
alao be d.fin.d. 

CONCLUDING REKARKS 

The capability of a ••••• ing the contribution given by each joint 
component. i. important for the development of method •• uitable tor the 
pr.diction of the joint r •• pons •. An expartm.ntal proc.dure allowing the 
collection of the needed data for the setting up of auch an approach with 
reterenc. to the sol. connection is propo.ed. 
The procedure was applied in a s.rie. of te.ts on .nd plat. connections; 
the reapon.e of .ach component (i .•. the end plat. and the bolta) was 
singled out tog.ther with it. influence on the connection behaviour. 
The re.ults evaluation made it po •• lble to determine the main stitfnes. 
and strength parameters for the modelling ot the connection behaviour. The 
parameters "characteri.tic" of the overall K -. relation.hip can be 
obtained by means of s~le mechanical model. for the single component •. 
The pre.ent pha.e of the research is devoted to the definition of such 
-'11 
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Dem>ark 

High-strength bolted end-plate ooMections in steel structures 
have been studied in several investigations at the Technical Univer
sity of Denmark. The present paper gives a short summary of the main 
results obtained in these investigations. In an analytical investi
gation of end-plate comections in beam sections, a deSign method was 
developed, and the basic equations of this method are given in the 
paper. Special attention was paid to studying the effect of prying 
action in the connection . Also T-stub connections and end-plate 
connections in circular sections were studied to clarify the strength 
and stiffness characteristics. For all three types of connections, 
experimental investigations were carried out to verify the analytical 
results obtained. 

In recent years, extensive and increasing use has been made of 
high-strength bolted end-plate COMections in steel structures. The 
situation today is that this type of connection is presumably the 
most widely used beam-to-column oonnection in buildill9 structures. 

However, full utilization of end-plate connections requires an 
understanding of the behaviour of the connection when subjected to 
external loadill9. Due to a number of complications, e.g. the effect 
of bolt pretension, prying action, and the many parameters governing 
the total behaviour of the connection, end-plate connections have 
been studied in a large number of investigations during the last lO
IS years. 

The present paper gives a short summary of the analytical and 
experimental investigations of bolted end-plate connections, carried 
out at the Department of Structural Engineering of the Technical 
UniverSity of Denmark. End-plate connections in beam sections, as 
those shown in Fig. 1, as well as T-stub cOMections and end-plate 
connections in circular sections, were studied. 

One of the problems investigated was the developnent of prying 
forces in end-plate or T-stub connections when subjected to tension. 
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Pigure 1. Beam-to-column and beam-to-beam end-plate connections. 

Ve ry divergent answers to the question of the size of the prying 
forces have been given over the years, ranging from a total negligen
ce of prying forces to more than a 100 , increase in bolt forces due 
to prying action. 

Ja>-PLM'E <XlIiIIflCTIONS lR BIWI SflCTIONS 

In the investigation of end-plate connections in beam sections, 
a theory was developed that may be used to determine the yield load 
of t he connection [l,21. On the basis of this theory, the influence 
of the different variables affecting the behaviour of the connection 
val studied in an investigation in which a large number of connec
t i ons were analysed on computer. This analysis showed that diagrams 
for direct use in the deSign could be established. 

The purpose of the tests carried out in the experimental inve
atigation was to study the strength and deformation characteristics 
of bolted end-plate connections. The experimental results show good 
agreement with t he results obtained from the proposed deSign method. 

_1S BmlOtiOO8 of Prom"'" Deaign ",.U,fld 
In the following, a short survey is given of the basic equations 

result ing from the theory developed. With respect to the derivation 
of the equations and the basis of the theory, see Refs. [I,21. 

The analytical model of the connection under consideration is 
tbovn in Fig. 2. The external tension in the beam flange is denoted 
by 2F and the bolt force by B. A prying force of magnitude 0 is 
••• umed to act at the end of the plate. Forces P and 0 ace 
tributary to each bolt. Fig. 3 shows the geometry of the bolts used 
fa the connection. 

The yield load of the connection is considered as the load at 
trIIich the reduced yield moment is reached in the end-plate at the toe 
of th e weld. Three basic cases are possible in the theory . In the 
flrat, separation takes place in the bolt lines before the reduced 
field moment is reached. The situation shown in Pig. 2 corresponds 
to this CAse. In the second case, the reduced yield moment is reach
.. before separation occurs at the bolt lines. The difference be
tween t he first and second case is that in the latter, a compressive 
torce will exist between the plates in the bolt lines at the instant .t wh ich the reduced yield moment, is reached . In the third case, 
tblch may arise when a relatively neavy end-plate is used , the ben
Glng deformation of the plate is so small that separation also occurs 
at th e edges of the plate at the yield load, meaning that no prying 
forces exist. 
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Figure 2. Analytical model of 
connection . 
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Figure 3. Geometry of bolts used 
in connection. 

Pig. 4 shows the forces acting on the end-plate at the yield 
load of the connection in the three basic cases. 

~~ __ ~!~!!~~_~!~!~_!ie!~_~! 

and 

The two basic equations are 

Fb-Qa· ~t' 'a'-3(Ll' 4 r y wt ( '1 

, Bot B-BO , l' 
TO A+ -A-(2k , + k41 Z wt ' (Fel, - BQ 21 (21 

• s 
Eg. 1 expresses the fact that the moment at the toe of the weld 

at the yield load must be equal to the moment corresponding to full 
plastification of the section. Eq. 2 states that the deflection in 
the bolt line of the middle surface of the end-plate must be the same 
in deformation of the plate as in deformation of the bolt. 

According to Fig. 2. the distance from the edge of the end-plate 
to the bolt line is a and the distance from the bolt line to the 
toe of the weld is b. The thickness of the end-plate is t, the 
length of the end-plate tributary to each bolt is w. a is the 
yield stress of the plate material. BO is the initial boll tension. 
and EO is the bolt force at which separation occurs in the bolt 
lines. with kl· ls + 1.43 It + 0.71 In. k2 • kl + 0.20 In + 0.40 
lw. k3 • 0.40 t. and k4 • 0.10 In + 0.20 lw. ~ is found from ~. 
BO(l + k3/k21. 

The lengths Is, It, In, and 1"" referring to the bolts used in 
the connection, are shown in Fig_ 3. In Eq. 2, As is the area of 
the bolt ahaft, and 01, 02 are determined from 01 - 30/2 - 20' 
and 02.60.' - 80 1 , in which a . all: and 1. 2(a + b). 

According to Flg. 4(al. the prying force Q is Q. B - F. The 
unknowns, F, S, and 0 can be determined from the above equations. 
The magnitude of the prying force may be given in dimensionless form 
by the ratio ~. 1 + OIF. 
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,19ure 4. Forces acting on end-plate in the three basic cases: a) 
separation occurs at bolt lines before yield moment is 
reached: b) yield moment is reached before separation at 
bolt lines; and c) no prying action in connection. 

~ie~~~~_~~~!_~~E~~!~~ 

The two basic equa tions in this case are 

Fb - Oa • .1.wt''/ a' _ 3 (L) , 
4 Y Y wt (3) 

and 
, BO - C l' 

TO A t· wt ,[Fa,-(B-C)a2 ] (4) 
s 

in which C is the compressive force between the end-pl.tes at the 
bolt line, corresponding to the yield load of the connection. The 
relationship between the bolt force , B , and the plate compression, 
C, at the yield load of the connection is , [1 ,2] 

C = 
BO - B 

BO 8' - B o 0 
(5) 

The prying force, 0, is 0 • B - F - C. Insertion of C and 0 
1n !qB. 3 and 4 gives two equations, from which Band F may be 
dete rmined. a , b, w, t , a.v BO ~, As, 1, Gl, and 02 are as 
def i ned in the precedin9 seccfon. ' 

~ __ ~_~EX~_~!~~ 

In this case, the prying force is 0·0, and thus ~ • 1 + O/ F ~ 
lAO. The compressive force between the end-plates at the bolt line 
i8 C - O. With the bolt force, B, equal to the external force, F , 
the yield load of the connection is determined from 

Fb~~t'(a;-3(.!'t)' (6) 

in which b, w, t, and (ly are"as defined in the preceding section. 

The theory developed includes consideration of the deformations 
of t he end-plates and the bolts. This means that the results ob-
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tained may be applied in establiahing analytical load-deflection 
curves for end-plate connections, which was also demonstrated in a 
recent investigation by Yee and Melchera, [5J. 

prying ¥ti 00 

The effect of prying action haa been the subject of many inve
stigations over the years, and considerable differences in results 
have been obtained. This also appears from recent investigations. 
Thornton [3J gives examples where prying action results in a 100' 
increase in bolt forces, whereas lrishnamurthy [4J found in his 
investigations that prying action may be totally neglected. Yee and 
Melchers [5J recommend a fixed value of 33\ increase, while Grundy, 
Thomas and Bennetts [6J use a fixed value of 20' increase in bolt 
forces due to prying actio~ 

In the present investigation, the influence of the various 
factors affecting the magnitude of the prying forces was studied. A 
computer analysis of a large number of connections (about 21100) was 
carried out, varying the different parameters within areas of practi
cal interest. From this analysis it appears that, generally, an 
increase in the prying action in the connection, determined through 
the value of the ratio ~, will result from an increase in: (1) the 
distance from the bolt line to the toe of the weld, b; (2) the bolt 
diameter, dB; and (3) the yield stress of the bolt material ayB 
i.e., initial bolt tension. Generally, a reduction of the vaLue 01 
J will be the result of an increase in: (1) the distance from the 
edge of the end-plate to the bolt line, a; (2) the length of the end
plate tributary to each bolt, w; (3) the plate thickness, t; and (4) 
the yield stress of the plate material, a 

On the basis of the results obtained'in the computer analysis, 
combinations of the various parameters were investigated in order t o 
establish diagrams giving the prying ratio as a direct function of 
certain combinations of the independent variables. It was ascer
tained that the prying ratio may be determined, with sufficient 
accuracy for practical purposes, from the values of the ratio b/a and 
a dimensionless quantity, y , defined as 

wt 2 a 
y. y 

bd~aYB (7) 

5 

• L ~. --t-.---r----~--~--~----+--." .. 
• 3 

2 

. 1 

o 
o .5 1.0 2.0 2.5 3.0 3.5 L.O 

Figure 5. Prying ratio at yield load of connection. 
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The curves of the diagrams resulting from this investigation 
have been combined in a single diagram, shown in Fig. 5. The curves 
give the prying ratio at the yield 10a6 of a coMection with speci
fied values of b/a and y. The curves have been drawn for values of 
y ~ 0.25. Smaller valUes of yare of no practical interest. For 
y ~ 2.85, no prying appears in the connection, and ~. 1.00. 

Irorrieento1 Inyestigot1oD 
In the experimental part of the investigation of end-plate 

connections in beam sections, four series of tests were carried out. 
In these, high-strength bolted end-plate comections in rolled IPE
and SEB-sections were investigated. In all the tests, the bolt 
forces were determined by means of strain gages. The tests showed 
that the tensile force in the connection may, with sufficient aCCUrA
cy for practical use, be oonsidered as uniformly distributed over all 
the bolts in the tensile zone. Furthermore, a comparison of the test 
results with the results from the suggested design method showed good 
agreement between the values obtained, the deviation in bolt forces 
being, in most cases, only a few per cent.. 

'the loa.d-deflectlon behaviour of the connections was also stu
died in the investigation, and load-<lenection curves are available 
from all the tests carried out. With respect to details of the 
experimental investigation and the results obtained, reference is 
.ade to Refs. [1,2). 

T-S'l'OB COIiNECTIONS 

The investigations of T-&tub connections carried out at the 
Technical University of Denmark were part of the study of the tensile 
lOne of end-plate connections. Two series of testa on high-strength 
bolted T-stub comections with either 4 or 8 bolts were performed. In 
the tests, the bolt forces, the load-deflection curves, the yield 
load, and the ultimate load of the connections, were determined and 
compared with corresponding analytical results. 

One of the main aims of the experimental part of the study was 
to clarify whether end-plate connections may, with sufficient accura
cy for practical purposes, be designed as T-connections, with the 
end-plate behaving as the T-stub flange and the beam flange as the T
Itub web. The tests of the present investigation showed this to be 
the case. For further details of the results obtained in the inve
atigations on T-stub COMections, see Refs. [1,2,7J. 

EH>-PUil'E aJIINBCTIONS III CIRCOLAR SIICTIONS 

Bolted connections in circular sections - solid round bars or 
tubes - may also advantaqeously be carried out 8S end-plate connec
tions. In recent years, extensive use has been made of circular 
.ections in the construction of steel lattice structures, e.g. in the 
form of towers (television, radio, and high voltage transmission 
towers), roof structures [space structures and lightweight plane 
trusses), a.nd cranes (tower cranes and overhead travelling cranes). 

The aim of this investigati'on has been to clarify the strength 
and stiffness characteristics of high-strength bolted end-plate con
nections in circular sections. The analytical and experimental inve-
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Figure 6. Bolted end-plate connection in circular section. 

stigations carried out concentrated on connections of a type as shown 
in Fig_ 6. 

In the analytical investigation, a theory was developed that 
permits the analysis of bolted end-plate connections in circular 
sections, including determination of the yield load of the COnnec
tion, bolt foroes, the effect of prying action, etc. 

In the experimental part of the study, a test series was carried 
out using bolted end-plate connections with varying round bar diame
ter and end-plate thickness_ The stresses in the end-plate and the 
bolt forces were determined by means of strain gages. 

A comparison of the results obtained from this test series with 
those obtained by means of the suggested design method shows little 
difference between the values obtained, the maximum deviation in bolt 
forces being only about 8\. 

The yield load for the connection, 4S defined in the suggested 
design method, is also in this case considered to be the load at 
which the reduced yield moment is reached in the end-plate at the toe 
of the weld. The use of this definition of the yield load will 
result in Borne strength reserve due to strain hardening, but it also 
means that heavy plastic deformations of the end-plate will be avoi
ded. In the COMectiOns with thin end-plates, the ultimate load was 
found to be more than 100\ greater than the theoretical yield load. 
For the coMections with heavier end-plates, the difference was found 
to be 25-75'. 

It is the intention to continue the present investigation of 
end-plate connections in circular hollow sections. 

More details about this investigation and the results obtained 
can be found in Refs. [8,9,101. 

CDNCLOSIONS 

In the investigations carried out at the Technical University of 
Denmark various types of end-plate connections have been studied. 
For the three different connection types (end-plate connections in 
beam sections, T-stub connections, and end-plate connections in cir
cular sections) analytical investigations have been performed, resul
ting in design methods that can be used to determine the strength, 
i.e. the yield load of the connection. In a number of investiga
tions, yieldline methods have been applied, and these methods are 
useful in determining the ultimate load of end-plate connections. 
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However, they do not provide any information about the deformations 
in the connection. The analytical treatment of the present investi
gations includes consideration of the deformations of the individual 
connection elements. Thus , these methods can be applied in the 
analytical determination of load-deflection curves, 4S also demon
atrated recently by Yee and Melchers {51. Furthermore, the analyti
cal methods of the present investigations may be useful in the study 
of dynamically loaded structures and of structures subjected to 
fatigue. 

For all connection types studied , test series were carried out 
to verify the analytical results . Yield loads and ultimate loads 
vere determined , as well as bolt fo rces and stresses in the end
plates. The development of prying action in the connections ~as 
studied, and t he deformations of the connections were determined. 
The t est results showed that the proposed design methods provide 
aufficient accuracy for practical purposes. The experimental results 
obtained concerning connection deformations may contribute to a data 
base of load-deflection curves , if established. 
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ABSTRACT 

A limited number of teats have been carried out on weak axi. - and on 
)-0 b.a.-co-column connection.. On ba.e of the firlt relults obtained , lome 
conclu.ions are drawn. 

INTRODUCTION 

The behaviour of plane- or space frame. may be analysed by means of 
computer programa. Some of the latter can account for the aemi-rigidity of 
the b.am-co-column joints. For beama (fig. I .• ) that are connected to the 
column flaogea (atrong axis connection), the infor..tion regarding the 
behaviour of the joints is available. It i. largely missioR when the beam 
(fig. I.b) i. connected to the column web (weak axis connection) [I] [2]. 
The question i. still more intricate when )-D joints (fig. I.e) because of 
the interaction in the column web between both strong- and weak axis connec
tions [3]. With a view to collect aome data on weak axis - and 3-D connec
tion., 80me te.ta were carried out at the University of Lilge. It is only 
reported on those, the results of which have already been fully investiga
ted. 

The authors are indebted to IRSIA and ARBED for their financial ••• i.
tance in this research work. 



61 

I I 
he 

Ie I I b I I c I 

Figure I - Types of beam-co-column joints (a) 8tron~ axis connec tion 
(b) weak axis connection ; (e) 3-D connection. 

WEAK AXIS CONNECTIONS. 

When defining the test specimens. three main parameters were accounted 
for : the type of connection, the r e lative beam-to-column stiffne.s and the 
slende rness hala of the column web. 

11 

~ I 
12S0 

W • • ~ 
N ----• • '" M 

" 1 " 1 ,<I 15S0 

Figure 2 - Types of connections! (8' end Figure 3 - Test arrangement. 
plates ; (b) double web c leat 
(e) flange cleats 
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Three kindlof bolted connections w}re considered bec.use of their cur
rent use in practice : end pl.tes . double web cleat and flange cleat. (figu
re 2). In order to exhaust the carrying capacity of the column web and to 
assess the behaviour of the latter, rather thick angles or end plates and 
preloaded high strength bolt. (quality 10.9) were used . All the mechanical 
and geometrical properties of column., beams and connections were me.sured. 

The basic data describing the set of test .pecimen. are summarized in 
table I. For each type of joint, four beam-co-column stiffness ratiol are 
examined; that allows also to change the slenderness ratio h /a of the co
lumn web . that is obviously a governing parameter. It will b: noticed that 
HEI80A and HE1608 sections have a same weak axis inertia. while a very dif
ferent web slenderness. 

Test Column C Beam 8 Column Relative Type of 
Web-slender- stiffness connection 

ness h I. a BIC (fig. 2) 

AI IPE240 IPEI60 35.5 0.33 .) 
A2 IPE240 IPEI60 35,S 0,33 b) 
A3 IP£240 IPEI60 35,5 0 , 33 0) 
A4 IPE300 IPEI60 39 , 2 0,70 a) 
AS IPE300 IPEI60 39 . 2 0,70 b) 
A6 IPE300 IPEI60 39,2 0,70 0) 
A7 H£AISO IPEI60 25,3 1,06 .) 
A8 H£AISO IPEI60 25,3 1,06 b) 
A9 H£A180 IPEI60 25,3 1,06 0) 
AIO IIEBI60 IPEI60 16.8 1,02 a) 
All HEBI60 IPEI60 16,8 1,02 b) 
AI2 HEBI60 IPEI60 16,8 1,02 0) 

Table I - BMBic data for teBt .pecimenB with weak axil connections 

The test arrangement i. illustrated in figure 3. The load i. applied 
at the cantilever beam and i. increased progressively either up to collapse 
of the connection . or up to a limiting vertical deflection (40 cm) of the 
cantilever due to requirements of the testing facilities. The depth of the 
column i. similar to an usual storey height in a multi-storey frame while 
the beam length allowa to emphasize the bending moment with regard to the 
shear force. 

I 

The vertical di.placement. at both ends of the cantilever beam and the 
transverse displacements of the column are measured during the te.ta . With 
the geometrical and mechanical properties of the sections used, these de
flections allow for the computation of the relative joint rotation. This 
rotation is composed of the rotation of the connection proper (.lip, dis tor
sion of connecting elements . elongation of bolt .hank • •. .. ) and of the rota
tion due to the she.r flexibility of the column web. Dedicated measurement 
set-ups allow to distinguish between both rotation components . For instance. 
figures 4 to 7 are dealing with the double web cleat connection A2; the ro
tation of the connection itself is divided into one part due to slip and 
another one resulting from the di.tor.ion of angles . 
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' iaure 6 - Test A2: Curve H-+ due to 
angles distorsion 

4> I rod I 

0,04 0,08 0.12 

Figure 7 - test A2 : Curve M-+ due to 
the flexibility of the column web 

The aSsessaent of the results will be limited to the tests on joints 
vith end plates, that au the sole to have been investigated in deep at the: 
present ti~e. A complete report will be prepared by the end of 1987 [5]. 
Becaun of their thickness (30 1IIlI.), the end plates an so stiff that they 
may be considered as not deformable. In addition, at the loadina levels 
reached at collapse, the effect of the elongation of bolt shank. can be dis
regarded uith respect to that of coluon ueh yielding. Thus the joint rota-

" 
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tioa is n •• rly due exelusively to the flexibility of the colunn ~.b. 
e.pecially as soon •• the onut of yi.i.-dina_ For chi. type of conneetion an 
obvious si~l.rity of the H-, curve of the joint and of that d.aling with 
the fle~ibility of the column web is observable (fi~. 8) . At the first be
ginning of the loadina. the behaviour r.~iD' lin •• r ela.tic and exhibits an 
initial stiffne., K., that is reproduced and recoverad vhen the test speci
men will be unlo.d.~ and the~ loaded .,.in, vhichever the loading level rc.
ehed. The~ occurs .. rather f •• t yieldinl of the column veb. that is lalt 
followed by ... train hardeninl range, the .tiffne •• k of which is quasi 
con.tant . Accordina to Ye. and He lcher. [4], the yi.~d bendin. moment H 
will be defined a. the one given by the intercept of the .train hardeninle 

'lope ~ith the ordinate axil (fig. 8). 

32 

M. I:CNml 24 

'6 
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Fil.a-Definition of the initial stiffness 
K., .train-bardeninl K .tiffness 
a~d yield bending momeRt "yeO 
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Fil.9-Compari.on of ~eb behaviour of 
different connection. with end 
phtu. 

The H-+ curves related to four tuts on bolted joint. with end platu 
are .hown in fiaure 9. Both test. At and A4 (u.ina IPE .ections a. column) 
are represented by two nearly identical curve. ; they provide a .ame value 
of the initial .tiffne •• K., of the strain hardening Itiffne.s K and of the 
yield bending moment M . lTbe strain hardeninl ,tiffDe.s K loois like ap
proximately constant f~~ the four test., i.e. whichever thePslenderness h la 
of the column ~eb in the range 16-36. The initial .tiffnes. K. and the a 
yield mo~nt H are shown to increase rapidly vhen the slendeines. h la de
cre •• es. The Y:xperimental value. of H are plotted in filure to a,lin.t 
the ",-eb slenderness. ye 
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• experiments 

• design model 

\ , 
, '..... ... ...... ...,. ::: -1'_. 

halo 

-<l: 

lig.10 - yield bending mo.ent VI. slenderne •• of the column web. 

Unlike for strong axil connections , no design model exists - at the 
author, ' knowledge - for weak axis connections, which would provide the u1ti
.. te carrying capacity of the joint. By observing the yield lines in the 
column web, an attempt or establiShing luch a design model wa. made (fiR.ll~ 
Though the effect of the web siendernesl i. qualitatively well reflected 
(fi g. 10) , some improvements of the model are shown nece.sary with a view to 
• better quantitative agreement. The consideration of more sophisticated 
yield lines patterns in the column web as well II the account of membrane 
force - due to the out-of-plane deflection of this web - in the yield crite
r ion are in progress. 80 that a realistic design model can be hopefully ex
pected soon. 
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Figure 11 - Te-'t AI Q Yield lines pattern 
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)-D CONNECTIONS .-
The result. of telts on semi-rigid joints with ItronR axil connection. 

(serie 0) are presented in another paper [6]. It i. briefly reported here
above on those dealing with weak axis connection. (serie A). Por a r 
specified type of test specimen . both seta of results ~ive two limiting' 
point. of an interaction curve (fig. 12), the aim of which i. to show the 
carrying capacity of s column web involved in a 3-D joint. Any other point 
of the interaction curve would require tests on the associated )-0 specimen. 
A limited number of 8uch tests were performed at the University of Li~8e;the 
web .lenderness and the type of connection were selected as the ~overning 
parameters. The b •• ic data for the test specimen. are listed in t.ble 2. 
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Figure 12 - (a) Test II: Limiting point. of the interaction curve , (b) Curve 
H-+ due to the .hear flexibility (Telt 04) of the column web ; 
(c) Curve H-. of the connection (Te.t AIO). 
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tUt Coluen Wuk axis \'"ealc. axis Stt'onR .xi. Scronp: axis 
b.am PI connection be&o P2 C')nnet-tion 

(fi 2) (H 2 

1 I 11£8160 IPEI60 • IP£2oo • 
12 HUl60 IP£160 b IP£200 • 
13 H£9160 IP£160 c IPt:!OO • 14 lPE300 IP£160 • IPE100 • 
IS IPE300 IP[160 b 1PE2oo • 
16 IP£300 lPEI60 c IPE200 • 

Tabl. 2 - Basic data tor test s~ecimens vith 3-D connections 

The telt arrlolement. ~ere quite similar t o thOle uSed for the tests 
on joints vith veak axil connections. The tests vere performed by keep ina 
constant the load P2 at the e~d of the weak axis b.am while the load PI at 
the .~d of the .trong .xis beam is increased pro,rel.ively. The value of P2 
i •••• ociated to the on •• t of the bending moment H • derived from the test 
on in-?lane v.ale. axi, connection. Heasure=ents ar:emade sicil.rly to those 
earr ied out lor the testing of le:d-ri&id joints with stronl axis connec
CiOD ' (serie 0) [6]. 

The behaviour of the column web. whe~ a 3-D connection . can then b. 
to~ared to that when strons axis connection only. Thu. the H-~ curve. due 
to the .hear flexibility of the colucn web are plotted in filure 13 for test 
~ (stron, axis connection) and II (3-D connection). It i. ob.ervable that 
the: rotation n::l&ins very small till the onset of yie1dins in the \.Ieb of the 
column fitted \.lith a strong axis connection. The: effect ot she~r defo~a
tion is much more mark.d vhen an additional loaded \.leak axi, b.am exist., 
because of a more progres.ive yielding of the we b. Hovever the influence 
of t he weak axis beam tends to be masked vhen approach ina the ultimate limit 
state: . 
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Tiauu 13 - Comparison of the: shear -' ri8ute 14 - Interaction curve for a 
flexibility of the toluen 3-D connection 
web belween test 11 and test 07. 
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Such a teat on a 3-D joint, cawried out as indicated here.bove, enable 
COdetermine one additional point of the associated interaction curve and to 
sketch the shape of this latter (fig. 14). Obviously more experimental 
points are needed to assess more precisely this interaction curve and to 
suggest a design model for 3-D joint. ; therefore additional tests viII be 
performed soon in order to implement the information. 
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ANALYSIS OF JOINTS BETWEEN 

STRUCTURAL HOLLOW SECTIONS 

J . Wardenier 
Department of Ci vil Engineering 
Delft University of Technology 

Delft, The Netherlands 

ABSTRACT 

Structural hollow sections with various shapes are used in various 
combinations also vi th open sections. Furthermore, varioWi joint config
urations are possible. The large variety in sections, combinations and 
j oint configurations make tbat many failure mode. are observed depending 
OD the geometry variables and loading. 

A unified analysis is essential for a uniform presentation of the 
design rules_ In this paper the criteria of failure, failure modes and 
t he analysis are briefly discussed as a background for those not familiar 
witb hollow section joints. 

INTRODUCTION 

Recent research in Europe. Japan, USA and Canada bas added new evi

dence tor the analysis ot joints between hollow sections and combinations 

with open sections. In these programmes various types of axially l oaded 

velded joints have b~en investigated. The main objective vas t o enlarge 

the range of validity of the IN recommendations [ 1 1 and t o provide test 

evidence to check the effective width criteria. 

The IIW recommendations cover T, Y, X, N, K and KT joints for vari

oua member combinations (figures 1 and 2). 

Since research and analyses are carried out in various countries, a 

major objective is to achieve consistent recommendations. It is important 

that the designer understands the behaviour , failure modes and the result

ina design recollll1endations. This means'falso that similar failure modes for 

different joints should be treated in a similar v~. Although there re-

69 
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TYPES OF JOI.N1S 
T- AND V-JOINT X -JOI NT 
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Figure 1. Types ot joints 
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Figure 2. Member cambinatio na 

main areu vhich need further investigation, the current modified recom-

mendations sbow a large degree ot consistency. 

CRITERIA OF FAILURE 

The static y tbe criteria shewn in strength can be characterized b 

rig. 3, Le.: 

_ ult~te load capacity (5) 
_ deformation criterion (2) or (3 ) 

_ visually observed cracks (4) 
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Because of the non- linear load deflection behaviour there i8 no in

ternational agreement about the determination or the yield load or regard

iDs the detormation liait. For .oat types or joint. the ultLaate load i. 

clearly defined. 

z 

+-_______ ~..:.5 1 =- eloltic limit , 
" ........ -~ ttnsion 

.... compression 
5 

• 
deformation 

2 :: d.formation limit 

3 :: remaining deformation 
limit 

" :: crack initiation 

5:: ultimate toad 

Figure 3. Failure criteria 

lor the design recommendations or the International Institute ot Welding 

and allO tor tbose included in Eurocode 3, in principle the ultimate 

strength ia taken as baei. for the determination of the design strength 

(If Nt KT joints and other joints loaded in compression). The range of va

lidity or the resulting formulae has been limited it the joint deflection 

&t vorking load vould exceed 'I or t~e chord diameter or chord vidth. 

For joints loaded in tension in principle the same strength is given 

.. tor joints loaded in compression (buckling not governing). This means 

& strength which nearly agrees with that belonging to the kink in the 10&4-

deformation diagram (see figure 3). For jointa which ahov excessive de

toraat iona at ult~te load. e.g . T and X joints between rectangular hollOv 

sections with 8 < 0.85 , the atrength has been based on the analytical 

yield strength dete~ned with a yield line model neglecting membrane and 

atrain bardening eftects. In thia way the associated detormationa are in

directly limited , however, in a conservative Yay. 

Furthermore, in general the range of validity ot the formulae has 

been limited to avoid crack initiation below the design load. 

Various proposala exist ror the dete~nation of a derormation limit , 
or ror the determination ot a yield load , but none has been accepted in-

ternationally. For example, Kurobane use. the kink in the load-derlection 
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diagram it plotted on a log-log scale; Mang is using eo, of the lo$d at .. 
which the maximum curvature in the load denection diagram appears; Yura 

relates the deformation limit to the deformation of a member vith 8 particu

lar length based on offshore applications 17.8.9). 

There is a need to describe the deformation tor tbe various types of 

joint. as a tunction of the joint parameters and the loading . This is es

pecially important tor joints loaded by bending moments or combined loading •. 

In particular for multiplanar joints with multiplanar loading more evidence 

is needed. 

MODES OF FAILURE 

Depending on the type of joint, joint pe.rameters and loading condition. 

several basic modes of failure can occur, as illustrated in fig. b for joints 

betveen rectangular bollow sections: 

a. plastic failure of the chord face or chord cross section 

b. rupture of the braces from the chord (punchil'l8 shear) 

c. cracking or the braces near the joint 

d. shear railure or the chord 

e . local buckling in compressive areas or the joint members 

f. veld failure 

g. lamellar tearing 

Many times failure occurs by combinations or the basic types mentioned above. 

Due to the locally high peak stresses it is essential that veld fail

ures are avoided. Thus the velds should be stronger than the connected mem

bers. 

Lacellar tearing can be avoided by choosing approapriate steel quali

t ies and velding processes, especially tor heavy vall thicknesses. 

Local buckling in the joint can be avoided by limitation of the vali

dity range of the recommendations. This is important since the secondary 

bending moments in welded trusses of hollov sections are rather difficult to 

estimate. This is caused by the non-uniform stiffness along the perimeter 

at the intersection between chord and connecting brace. 
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Figure 4. Modes or failure tor rectflll8Ul.a.r bollow Bection joints 

ABALYTICAL MODElS 

For the analysis or tbe various tailure mode. ant.l.ytic&l models are 

Uled to detenaine the governing joint parameters tor the ultimate strength , 

e. g. 

4. Ring model (CC joint.) 

b. Punching shear model (CC-CR-RR joints) 

c. Effective width model (CR- RR-RI-CI joints) 

d. Yield line model (CR-RR jointa) 

e . Chord web bearing model. (RR-RI-eI joints) 

r . Model tor sbear tailure or the chord (all K and N sap joints) 

Fbr indication some or these models are sbown in tiSI. 5 . 6 and 7 . A de

t ailed description or these modele is given in [ 3,61. Due to the complex 

joint behaviour these models cannot tully describe the influence ot all in

f luencing parameter •. 

TEST EVIDENCE 

All types or joints discussed in thi. paper have been extensively 

t ested in many countries all over the world 13, 5,6 }. 

Based on the analytical models and the" test evidence, the ultimate strength 

f or mulae have been determined. 
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Figure 5 . Ring model tor CC joints 

Figure 6. Punching shear ~del tor CC and RR joints 

Ie bo Ie 
'l 'I 

Figure 1. Chord .ide vall bearing model tor RR joints 
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EVALUATION TO DESIGN RULES 

Purely experimental design rules should, in principle , be avoided 

unless no other information i. available and the limitationa are clearly 

defined. However, only tor particular failure mode. pure analytical deaign 

rule. can be used . For the more complex joints the design rule. are ot a 

aeai-empirical nature. 

The strength tunctions which are based on an analytical analysis 

and vbich describe a "yield" strength are not treated in a atatiatical 

aanner. M tar as these joints abov a ductile behaviour the analytical. 

strength function i. adopted as design strength . 

From the semi-empirical ultimate strength tormulae characteristic 

strength. bave been obtained using a semi-probabilistic approach [3.4.5.6.7 
and 8 ). All variables have been taken into account , e .g. scatter in teat 

results . but allO the variation in mechanical. properties and dimensions 

and the fabrication tolerances. The resulting fonaulae are sometimes simpli

fied for practical use . 

The characteristic joint strength Nk , representing the strength that 

95% of the joints are expected to reach, is divided by a partial joint fac

tor y to obtain the design strength N. The partial joint safety factor 
m 

Ym adopted in the Irw and Cidect recommendations varies between 1 and 1.25 

depending on the joint deformation capacity and the reserve in atrength. 

RECENT ADOPTED MODIFICATIONS TO THE IN RECOMMEIIDATIONS 

Recently. modifications have been adopted to the Irw recommendationa. 

For joints between circular hollow sections the formula tor the design 

.trength ot K joints ha.a been zaoditied, resulting in a aosaewhat lover 

strength tor overlap joints vith a high chord diameter to thickness ratio. 

For joints with & rectangular section or an I section as chord. the 

range of vslidity haa been extende~particularly the width to vall thick

ness ratio. Depending on the type of joint . plastic design sections or 

compact sections can now be used for the compression braces. For theae 

joints also the effective vidth criter~a have been modified. The updated 

version of the Irw rules viII be published in the course of 1987/1988. 
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rol'URE RESEARCH . 

Subjects of fur t her investigation are 

- multiplanar joints unde~ multiplanar loading 

- inter action betveen axial loading and bending momenta 

- beam to column connections 

- stiffness and deformation aspects (behaviour and l i mit.) 

- local buckling behaviour 

influence veld conriguration and veld size 

- stress concentration factor s (RR- CI- RI joints). 
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STRENGTH OF WELDED CONNECnONS WITH HOLLOW 
SEcnON BRACINGS AND I OR H SEcnON AS CHORD 
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35043 - Rennes Cedex - France 

ABSTRACT 

The tOpiC relates to the failure by cracking of the bracing elements, consi
dering three different types of connection. It IS shown how to determine accurate 
design formulae towards this failure, using both experimental tests and theoreti
cAl modelling by plastic mechanisms. 

INTRODucnON 

This paper deals with the ultimate strength of a particular type of semi-rigtd 
welded connection which IS used in Europe for the construction of lattice plane 
cirders. This type of connection results from the association of a chord with an 
open section (I or H) and bracing members with hollow sections (rectangular 
or circular), Several failure modes have been observed for these welded connec
tions, but one of these modes must be specially controled for design j generally, 
it is called "failure by transverse c racking of the bracings", bLi in reality this 
fa ilure mode Includes two phenomena: the first one is a sudden fracture of the 
weld when the bracing member is in tension j the second one is a local buckling 
of the end of the bracing member when this member is in compression. Concer
ning this transverse cracking failure, it is possible to obtain accurate design for
mulae by combining an empirical approach and a theoretical analysis based on 
plastic mechanisms. The aim of this paper is to give some ideas about a such pro
cedure, essentially for the X type connection in tension; however, a more gene
ral application of the procedure is briefly shown for two other types: the K 
type connection and the X type connection in compression. 

ft.s $hown in fil,ure I{ the stress distribution at the bottom of the bracing member 
IS absolutely nlSt um orm because the flexural stiffness of the chord's flange IS 
stronger near the web than near its edges. In order to express this , varyln~ stif
fness, most of the norms use the practical concept of "effective Width be' i con
sequent ly, the strength towards the cracking failu re is calculated by : 

NCI : 2 0yi ti bei (I) 

(j ; I for compression and i 2 for tensiaR). 

Generally , bei is given by : 
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t il 
I ro 

---
Figure I. Ceometry of the X type connection 

(2) 

where tIN and t f are the thicknesses respectively of the web and the flange of the 

chord. The constant c, depends on the used norm; for example, the French Stan

dard NF - P - 22 - 2.n [1] recommends the follow 109 values: 

c • _...:E=---_ 
I k a 

I y,I,2 

(3) 

with k I : 60 (compression) and k2 = 8' (tension). It must be emphasized that the 

associated formulae (I), (2) and ()) take Into account a safety fac tor of J.4 i It 
15 important to know this point fo r comparisons which might be made between the 
applica tion of the previous regulation formula, or others, and experimental re
sults. 

In order to possess a better knowledge of the cracking failure, a specific ex
perimental programme of about fifty connections of different types (X, K and N) 
with differen t sections <.0 , c;zS and H) has been earned out at the INSA 'Of Rennes 
dunng the period 1981-1984. The studi~d pa rameters we r~ the geometncal dimen
SionS of the sections h l ,2' b l ,2 and h l ,2 for the braCing members, t w' t f and bf 
for the chord), the Yield stresses of the members (0 ,0 I 2) and the angles e I 2 yo y , , 
between bracings and chord. A complete information about the data and results 
of all these tests may be found at the references [2, J). 

PROPOSED fORMULATION fOR X TYPE CONNECTION LOADED IN TENSION 

Only from the analysis of the expenmental results, we have been able to deter
mine the maIO mfluence of the previous parameters on the ultimate load, and 
we have proposed a new design formula for the X type connections in tension : 

* 2 t 2 0 2 t 
Nc2 • : [(tw + 2 '0) + 9.3 ~ h f - r.h- l] (. ) 

Sin 2 0y2' 

In figure 2, a comparison between experimental ultimate loads Nu2 and the cor

responding loads N~2 given by the fo rmula (IJ) shows a satisfactory agreement 
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Figure 2. Compartson between experimental results and the formula (It) 

if the safety factor 1.4 IS taken into account i more exactly, the mean relatl'Je 
.... iation of t~ points towards t~ line N 2 = l.4 N"2 is 9 96 whereas It was 20 96 
with the formula (1) , (2) and (l). U c 

We have supplied the empirical formula (4) with a theoreucal modelling which 
'&llows to calculate Nul by means of a specific mechanism by yield lines. This 
rnec.ha.nlsm IS located an the chordts flange; it is schematized at the figure) in 
the case of a rectangular hollow ~tion with 8z =- 90·. The dimenSion k can be 
ca1culated by minimIzing the Internal work diSSipated In the Yield hnes ACt AD and 
AS ; funnermore, the uniformly distributed load qu IS equal to the Yield streSS 
o " multiplied by the thickness t2 because the mechanism of the flange must be 
kl'nemaucly consistent with the YIeld deformation of the bracmg member. From 
this value of qu' we can deduce the unknown length" of the loaded part which 

is para llel to the chord's web: 
Ii t: ° 0 [2(b f - m) + h/Ii 1 b2 - m 

x :: y ---- (}) 
4(b2 - m) t2 0y2 4 

then, if 0 ~ "~h2/2, the ultimate strength of the Connection is calculated by : 

N<caO 2 t ° (b • 2.) (6) 
u2 2 y2 2 

U x. ~ h2/2, we have of course: 

N<caO 2 ( u2 ' t 2 o y2 b2 • h2) ' !'Iy2 

A remari< may be made about the distributed load q i m reality, thiS load cannot 
be uniform along the length" because the stress distribution has an elasto-plasuc 
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Figure 3. Yield pattern for the X type connection an tension 

nature. Butthe hypothesis with q uniform is valid for a Limit Analysis because 
the vertical displacement along the length x is constant for the studied mechanlsmj 
In a way, x may be considered as an equivalent length for a rigid-plastic behaviour. 

The prevIous modelling has been easy generalized [4] when the bracing mem
ber IS not perpendicular to the chord (92 .. 90·) ; the distribution of the load q is 
only different. 

Many comparisons have been made between the calculation model and the ex
perimental approach; they confi rm fully the good accuracy of the empirical for
mula (4) from a point of view both local and global. For example. the figure '* 

H~-') H!I Hc) 
~. 1.4 Tr:" 1.4 Tr:' 

,1 ,I ,1 _ ..... ,-
,Q I-.--------+-~~r_~~?_~~~------__. .,..-

., -" 
'2 - 10" 
CHORD. II, . )(10 """ 10,.. . ,,) MP. I ' •• 'r'I-') 
BRACING I 200 • :roo • , 10,.2 • 2" "P~ 

t f <-> 
10 15 lO 

Example of local comparison between the empirical formulae 
and the calculation model 
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shows such a comparison for a given connection, but with a variable thickness t 
of tile chord's flange; we can see that the empirical formula (') is clearly cloJr 
to the model results than the norm's formula (1), (2) and () . In another way, the 
figure' deals with a global comparison for various manufactured profiles, up to a 

(kNI 

, .. 
- ~ .. 

~ 
• 

'" ~ 

... 

.. 
Figure ,. Global comparison t>e-tween the empirical tormulae 

and the calculation model 

depth equal to 600 millimeters. The horizontal axis of the diagram relates to the 

ultimate load N~;l) given by the theoretical model; the vertical axis is meant to 

represent either the norm 's load Nc2 or the load ~2 given by the empirical 

formula (4). Here again, the formula (4) is in perfect agreement with the model, 
for the whole field of application, whereas the norm's formula shows a real de
viation. 

GENERALIZATION TO OTHER TYPES OF CONNECTION 

Hereafter we present only two generalizations, but a more complete study may be 
consulted at the reference [. ]. 

For the K type connections with overlap. experimental results have allowed to 
propose the following formula for the strength of the bracing member in tension : 

2 h t a 
8 

r r yr 
+ tl t 2 oy2 + 

..5 sin e2 

(I) 

This sophisticated formula includes three terms: the first one is equal to half the 
ultimate load of the bradng in tension if it is coos(dered alone; the second term 
relates to the strengthening due to the bracing in compression. And the third term 
results from another strengthening due to the effect of the overlap area 2 hr t r· 
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A model by yield lines has been found in goo.d agreement with the formula (&). As 
shown in figure 6, the main characteristics of this model are the following ones: 

Figure 6. Yield pattern for the K type connection with overlap 

1/ the exact position of the yield line BE (defined by the dimension n) is cal
culated by minimizing the ultimate load of the bracing member. 

2/ The distributed load along the perimeter at the bottom of the bracing mem
ber is assumed to have three different consiant values according to the part of this 
perimeter: the values qu sin ~ and qu sin 62 are consistent with the yield defor
mation of the bracing member near the lines AD and BE j as for the middle value 
q, its calculation results from the equality between the internal work and the ex
ternal work of the mechanism. 

3/ The relative displacement between the two bracing members is only pos
sible if the overlap area is locally yielded by shearing. 

The second generalization that we are going to present now, deals with the 
failure by buckling of the X type connection loaded In compression. Experimental 
results have led to the formula : 

N;I = 2 '101 [(, .2 r 1.4.0 "yo (', .2.'11] (9) 
y W 0 ~I 3 

in which the influence of the angle parameter 91 is knowingly neglected on account 
of the nature of the failure. 

The formula (9) has been checked by means of a mechanism including two parts, as 
shown in figure 7 : one part is in the chord's flange with a pattem like that of the 
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!-Igure 7. Yield pattern tor the X type connection 10 compression 

connection in tension (fig. 3) i the second part of the mechanism takes place near 
the bottom of the bracing member where second order geometrical effects must 
be conSidered for the calculation (so, at the figure 7,6H and IJI are fmite dis
placements before buckling). The kinematic consistence between these two parts 
requIres the equality between the vertical displacement of the flange's edge and 
the height variation 6ft! of the yield pattern in the bracing when buckling occurS. 
Finally, the calculated ultimate load N of the connection becomes a function 
of two indete rminate parameters: the ~~itial value ~ for the height of the yield 
pattern In the bracing, and the angle ~ expressing the wall deformation of the bra
clOg before buckling. Founding upon some experimental observations, we have adop
ted 4» equal to b /4 i by another way, we have calculated. for each type of con
nection, assumink that the displacement of the flange's edge is equal to bf/IOO. 

CONCLUSION 

The theoretical modelling tums out to be in satisfactory agreement with all the 
available experimental results j besides, it prOVides a mechanical Interpretation 
to the deSign formulae which were empirical up to that date. It also allows to 
develop a cenain critical analysis of both the accuracy and the field of application 
of these formulae i If the failure mechanisms of the different pans of a connec
tion were well-known, this field of application could be better defined by a ra
tional way (for example, see the figure 4). -, 
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NIJIWIICAL SIllULATIOIC OF 1111< BEHAVIOUR UP 1'0 COLLAPSE OF 
TWO WKI..DIW UNSTIP'FEJQ!:O Of(K-5I OE YLAHGX CONNECTI ONS 

Miss Wajd ATAMAZ SI8AI and Fran~ois FREY 

I REM, Department of Civil Engineering, Swiss Federal Institute 
of Technology , CH-lOI5 Lausanne , Switzerland 

ABSTRACT 

Unstiffened one-side welded flange connections of hot-rolled H sec
tions have been tested by Klein under ei.ple bending loading; lIOIIIent
rotation curves and plastic capacity of the nodes are alao proposed. Here, 
t wo of Klein's nodes are computed up to collapse with a nonlinear finite 
element code . nte numerical simulation emphae1zes the importance of strain 
hardenina ; it al80 helps one to understand the detailed mechanical behav
iour of the node , fro.. which nonlinear spring constants can be deduced 
wi th a view to perfoMling a beam analysis. The t wo nodes are also computed 
under pure bending action. which leads to a more aevere loading condition 
than simultaneous bending and shear; hence it ia concluded that Klein's 
proposals should be alightly improved . 

INTROOUCTIOIC 

Within the framework of 8 Swiss-Austrian join t research project. 

Klein [I] studied unstiffened welded flanae connections of hot-rolled 

I and H sections in an experimental way . In his theai., he proposed simple 

expressions for "beam lIIOment-beam rotation" curves (Mb-O, see Fig. 7. and 

10) and plastiC Ii.it loads of such connections. 

We present here the detailed numerical study of t wo of these connec

tions . Material and geometrical nonlinear effects are taken into account, 

al thouah the latter is far less important than the former. We use the 

computer code FINELG [2] of IREM and MSM (University of Li~ae). 

nte aim of the numerical simulation is t wofold 

1.- to understand deepl y the mechanical behaviour of the connection up to 

collapse j ., 

2.- to derive a model including nonlinear aprings , which expresses the 
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ae.i-r1aid ".ament - relative rot-,tion" M-¢I behaviour wi th • view to 

performing a beam analysis of the connection. and, further, of 

fr •• es. 

The .elected epecimen. , named NR4 and NRl6 in [l]. are unsymmetrical 

one-aide cOMectlona consisting of an IP£ 330 beam welded to a H£8 160 

column for NR4, and of 8 HEB 500 beam welded to 8 HED 300 coluran for NR16 

(Fig . I). The teat loading is a concentrated force at t he beam tip; thus 

the connection is submitted to both bending and shear ; in practice , how

ever , the ratio of shear is generally lea. import.nt; for comparilJ;on pur

poses, • aecond load case of pure bending has been numerically performed. 

,.... Ml2 r-

® b 
a p 

JM. ® P. ,.::~, 
,~.:~ 

M 

.. c 

ll-~M/2 
Mb : beam moment at the 

column j unction 

NR4 
a - 698 ron 
b - 51 0 
c - 510 

@ - IPE 330 
@ - HEB 160 

NR16 : 
a • 580 
b - 550 
c - 540 

@ - HEB 500 
@ - HEB 300 

beam-

A 

o 

~Mcl 

Si .ple bend ing (P) 
Vb. Vc and Ne / 0; Me, .nd Mel / Mbl1 

Pure bend ing 1M) : 
Vb • Vc • Ne • 0; Hcs • "ci • "bt2 

Fiaure 1. Test set-up (after (11) and free-body diagram of the node . 
Simple bend!n, load case P (0::=> Mb • P • • ); pure bending load case : 

N. 0/2 . N/2 ( ... Mb o M). 

PfUIIKRICAL MODEL 

The a80aaetry is diBcretized into a 30 .odel of shell elements (webs 

and flanle.) and beam elements (end plate. and stiffeners). ria . 6 givea 

an idea of the mesh. A geometrical imperfectIon 18 introduced in the column 

web at the beam compressed flange level . allow!na for po.aible web buckli na 

(Fla.l). The out-of-plane maanitude is taken from the rolltng tolerances. 

Steel 18 supposed to follow. piecewise linear law shown In Fla. 2 : 

y18lo .tre.. ia taken from [11. atrain hardenina parametera and ul tlmate 

stress from [3}. The 20 eiastople.tic state of stree. 1s dealt with usina 

the incremental Clow theory and von Ni.e. yield condition. Parabolic 
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pattern. of rollina residual normal stressea In flanaes and weba are taken 

aceordina to the Eees recommendations [41 . Weldlna imperfections are not 

considered. Complete data may be found in (5J . 

a I _!lI _____________ ~--

-Iv i----,., "'-Est 

E 

, , , , , 
leat 

2.1 . 101 H/II'rI' 

4000 to 5000 H/ml 

271 to 355 H/IIIII' 

395 to 485 'Van' 

1.61'021 

Figure 2. Stress-strain curve (mild steel) . 

IftMEJUCAL RESULTS 

Moment-deflection curves Mb-V are shown in fia •• 3 and 4 (for Mb and v, 

see Fia.I); ailiple bending curves are to be compared with the exper i mental 

ones. We conclude that: 

a.- the aareement with the experimental result. i8 satisfactory; 

b.- pure bending 1s more severe than simple bending; 

C.- the initial stiffness i8 larger than the experimental one; 

d.- strain-hardening occurs very Quickly (point 8); 

e.- unload ina is linear elastic (Fig.4). 

140 . . M.\l.tk~:.m.L. .........•..... _ .. ~eJ.~J 1 
(200) (P,kN) ! : . ":" ' : 

.. / .. ;~:'~I;~~r~:~ 
f vi': 1 Pure bending 

70 ~ : 8 : i : : : I ; 

. ·j ·· ····t······t· ·····t·····.j.··· ..... ·· ·· ·.(.·····{·· · 
(l~) I ! A; Yj~ldi~g b~gin~ . . 

t Aj 8: strain hardening begins , : . . . . . . 
: ···I· .... ·I ...... I ...... I .. • .. ~ .. · ··.:,.··· .. "'· .. •• .. 

i ' : i ~R~ i. ; 

1.1 2 J , 5 · v m 

riaure 3. Mb-v curve for NR4. 

Tes t (1) 
422 . . i'I~l!.N.:~L ..... ,.. .._./.~!~~~ ~9 

(728) (P,kN) .. - : . 

'r
8 

.: ... ~l:rr.~~·F~·:·;·~~ 
,. ~/ : Ie 1 : 'Ii ,-, , 

(~~!j {r·+····+lil + ....... + ....... . 
, T : : ::II : : 

A f ... : .. ~ .. t .......... L .. ~ ....... L. ....... -L ....... . 
! I! ·NR.e · ! 
. I ' i 

1. ! 2., 3. , !vem 

Fiaure 4. Mb-V curve for NR16. 
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F1aure 5 s hows the progre88i~e spr ead of plastic! ty 1n the webs of 

connection NR4 loaded by simple bendina . n.e flanges (not shown) ~e COlI

paratively not very pI.stifled. Hence , 

f . - collapse of the connection. happens mainly by total plaatiric.ticn of 

that part of the column web which 1s adjacent to the beam. 

P. 
88.6 kN 

IAI 

1~0 . 

103. 

151. 

I BI 

11~ . 135 . 

180 . 

Fiaure 5. Web plastification of NR4 connection at variouB load levels 
(simple bendina). 

Global and detailed web deformation of connection NR4 at collapse 18 

shown in Fia. 6. Although it is rather complex, the two main causes of 

the node flexibility [I} are clearly visible 

a.- local deformation near points Band C. i.e. at the beam nanae. 
junctioni 

h.- ahear deformation. 

More detailed results may be found in Ref. [5]. 

CONNECTION YLRXIBILITY AND SPRING IIOOEL 

If we simplify the alobal deformation of the ABeD web panel of Fia.Se , 

aS8umina 8traiaht edges, .... e obtain the quadranale of Fia.7a; this defor-
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Fiaure 6. Web deforaation of connection NR4 at maxi.ulI. load (aimple bend
ina ca.e; displaceMents .agnified 3x); (a) f'ull structure; (b) connection 

reaion; (c) enlaraed ABCD "colu!l.n-beam" web panel . 

• ation may be divided into two parts : 

1.- the transversal effect of the bea. flanae forces Fb (one elonaates AD, 

the other shortens CD) results in a relative rotation. between the beall 

and the column axea; this rotation concentrates mainly alona eda. DC (Fla . 

7b ) and provides a first law Mb-~; 

2.- the shear effect, due to the shear force Vn in the web panel 

resul ts in 8 relative rotation y between the beam and the column axes 

( ria. 7c ) i thie rotation occurs mainly alona edges AB and CD and makes it 

Flaure 7. 

D~'"""ll .i-~C""'- F b 
I ( b ) ., 

Global deformation of the connection (a) decomposed into the 
beam Clanae effect (b) and the shear effect (c). 
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possible to establish a second law AMclp.b-y . 

Thia latter rotation is larger than the former; IItOreover. in pure 

bending . V c • 0 and thus the shear force V n lncreasea. Thie explains why 

pure bending deforms the connections more than simple bending. 

The two laws Mb -~ and AMc/hb -y have been derived from the numerical 

model and are plotted in Fig. 8. They can be used in a T-sping model of 

OMc Ihb(kN ) ; I 
~9.Q'·;··r>t-···'t 

1 : 2 .. !"' ''' 1 i 

.. :>=:[' .... <1···+·····) 
···········-1·············· ··_········· · .... ····1 

j 1:Sim pl8 jb d l I en .; 
~.9.9_: .. .L .. ~.:.~.~.!..~ .................. .1 , . , 

~ i 61 . 
O ~ OJ )' fradl 

MJ'(kN m) 
.~9 .. ,._ ... 1"....... . ... _._ ...... . 1.,: ···· 1 

-_· ... <.:-..l..·_········_···-i·---·· 
./2 i I I . 

·'''·1'-~~·;·~-jl·····-· ·-
100 ... -··=r·········;,.r·_······ 

~ ~ 1 'I' ( rad l 

Fiaure B. Relative rotation laws for connection 
NRl6 . 

SPRINGS 
1 O/Vhb • '( 

2 "b·Q) 

Fig.9. T-spring model 
for beam analysis . 

the connection; this model consists of three short beam elements and 

spring. (Fig . 9). It simulates the whole "M4" connection behaviour and can 

be used in 8 standard beam finite element numerical model . 

THE T-SPRIHG/BKAII IIODEL APPLUO TO THE TESTS 

The effective rotation Q of edge Be (Fig.Ba) is plotted 1n Fig. 10 8S 

a function of the corresponding beam moment M
b

. Experimental (I), proposed 

[1]. finite element and T-spring/beam curves may be compared : 

(a) the T-spina/beam model 1s accurate; 

(b) the tabulated values proposed in [1) make no distinction between 

(bl) yield limit (f ) and strain hardening, 
y 

(b2) simple and pure bending. 

DISCUSSION AND CONCLUSION 

A 3D finite element computation is 8 fruitful complement to laboratory 

teste. A simple and accurate three node T-sprina model, wh ich applies to 



1 : 
2: 

SB: 
PB : 

estimated fran [1] 
s imple proposal of [1] 
Simple bending 
pure bend i ng 

Cii a (rad ) 
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Flaure 10 . ~-Q curves for NR4 and NRI6 connections. 

be .. analyat. of fixed and sway frames, is derived. Any additional flexi

bility (due to bolted connection for instance) can eadly be added to the 

sprina laws. It t wo node L-spr1na or tour node X-spr!", .odel can also be 

developed for other types of connection •• 

Reduc1n, the one-aide T connection flexibllity to • 8lnlle beam-to

column s pring (Fig.ll) appears temptina but dubious. The 6 Mc/hb-Y law can 

be transformed into an equivalent Mb -op law such that beam deflections are 

equal in both models, [5]. Hence . the whole 

M~ flexibility 1s concentrated into a 

B1nale Mb -$ - spring, but the second order 

effects in the columns , for instance. are 

erroneously and una.rely reduced (u
2 

< u
l

' 

see Fla. llb). 

Klein ' . propo •• l [I} should be refined 

to distinauiah : 

1.- simple plaatic behaviour fro .. strain 

(a) (b) hardenina one, 

, 

fiaure 11. The 3 a pri na 
model (a) reduced to an 
equivalent I aprina .a-

del (b). 

2 . - ai.ple bendina fro. pure bend1na· 

~~deed , the column shear force is 

smaller in practice than in the laboratory 

tests; the ratio Vc /fb 111 about 0.3 in the 
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tests , but probably less than or equal ~to 0.1 in current bUlldlng practice. 

Note, IDOceover, that this catio varies during the loading history of a 

structure up to collapse. 

In conclusion, the authors are of the opinion that the flexibility of 

the connection should be based on pure bending action. 

1. Klein H.. Das elastiach-plastische Last-verformungBverhalten steiten
loser geschwei •• ter Knoten; Dr. Dissertation , Unlv. Innsbruck, 1985. 

2. FIHELG, Nonlinear finite element analyaia proqram, User ' s manual; IREM 
Int. Rep. 86/ 6. July 1986. 

3. Alpsten G.A ., variations in mechanical and cro.s-sectional propertiea 
of steel. ASCE-IABSE Int. Cont. on Planning and Design of Tall Buildings, 
Vol. Ib-9. 1972. 

4. Manual on Stability of Steel Structures, ECCS Publ. No. 22 , Bruxelles, 
1916. 

S. AtallWlz SibaI W .• Si_ulation numerique du comportement de deux asse_
blage. de r~ve soudes non raidis, lREM Int. Rep. 87/5. June 1981. 

At the time this paper was written, the authors were unaware of the 

simultaneous publication of Braun's thesia [6]. This thesis is a sequel, 

extension and partly reformulation of Klein's work. It appears that 

Braun ' s results are in good agreement with the work presented here . 

especially in that range of small relative node rotations which is of 

pract~cal interest . More about this subject should appear in a further 

paper. 

6. Braun Ch.. Das Momenten-Rotationsverhalten von geschweissten steifen-

losen Rahmenknoten bel Querkraftbeanspruchungl Dr. Dissertation, Unlv. 

Innsbruck, Juni 1987. 



DISCUSSION 
~ 

LOCAL ANALYSIS PAPERS 

A .isnificant ..aunt of attention va. ,iven to the pryin, force 
pheno.enon, and distinctly diff.rent .etho~ of computation and design 
code incorpor.tion .ppe.red to be in u.. in v.riou. countri •• . Ther • 
•• e .. d to be s.neral .'r .... nt th.t pry in, can con.titut. an i~rtant 
additional lo.d in t.naion·type bolted connectiona , althou&h co .. ent. 
yere .. de to the .ff.ct that pryin, hal traditionally b •• n over· 
•• ti .. c.d. It i. cl.ar , hovev.r, that vith pry in, a. a d.formation • 
induced force in .. ny typ.. of connection., .0 .. r.comition 8UAt be 
given to the att.ndant r.duction in the avail.ble external lo.d. carrying 
c.pacity of the bolt . In oth.r vor~, pryIng reduce. the bolt c.pacity , 
but only b.c.u.e so.e of it i. taken to r.sist the deforaation . induced 
eff.ct. The ultlaat •• tr.nsth of the bolt it.elf i. not influ.nced . 

It .pp •• rs that de.iID pr.ctice. in Europe , •• r.fl.cted by the 
r.c.ntly is.ued Eurocode 3 · ·Ste.l Structur •• • .nd North Am.rica (AISC 
Sp.cificationa for U.S. A. C. S.A . Standard for Canada) ar •• imilar in 
the vay Pryinl i. tr •• t.d. Thu. , although there ar. r •••• rch.r. and 
d •• ign.r. that f.el that pryins need not b. conaid.r.d, the g.ner.l 
conaensu. nov is to ineorpor.te the prying eff.ct on the load .ide of the 
d.sim equation . However, chanle. ..y be forthco.inl, .speci.lly 
consid.rinl the importance of fatigue behaviour of tenaion conn.etiona , 
.nd the fact that pryinl in .uch c •••• will york to reduce the overall 
ten.ile .tren,th of the bolt . Further , the Dani.h re.ulta cover a l.rge 
rang. of connection typ •• , with ,ood corr.lation . 

Several .peaker. and di.cu..er. dealt vith the .ubject. of .. teri.l 
.tren,th .nd b.haviour In gan.ral, and their application to connection 
performance .nd de.i,n In particular . Sugge.tion. were advanced that the 
ulti .. te .tre.s of the .teel .hould for. the ba,is for connection de.lgn , 
r.ther than the yield .tr •••. Hovev.r, .everal co ... nt. vere .. de to the 
.ffect that thl. vay le.d to unacceptably low .. reins of .af.ty a,.ina t 
local .t •• l crackin" due to the high degr •• of r •• traint that i. likely 
to prev.il . Thi. i. particularly accentuated for h1&h.r Itr.neth It.els, 
wh.re the r.tio of ultlaat •• tre •• to yIeld .tr ..... y drop veIl below 
1,30. 

Exceptiona to the .bove obervationa cert.inly apply in the de.ign of 
bolted connectiona In bearing . a. poInted out by nua.rou. apeaker. and 
dl.cu..er • . In the.e c •••• it i. critical to bear In .ind the deformation 

93 



94 

capacity of the joint, particularly In the vicinity of the l •• t bolt In a 
rov. Prevlou. American allowable str' •• d •• lgn eriteria u.ed • bearing 
.tra •• of 1,5 tl ... the ultiaate value; chi. ha. recently been reduced 
to 1,2, due to large hole deforaatlona in the place or .. aber .. tarle1 at 
the higher stres. . Europe.n criteria currently utilize • coaparable 
b •• ring str... value of 3,0 tl ... the yIeld .tr ••• ; chi. will likely be 
changed In the futur., to reflect the us. of the ultimate .tt •••. A value 
of 2,0 to 2,5 .. y be adopted ; the for..r will b. comparable current 
North American practice . 

Kodeling method. and .olutlons recaived significant attention, and 
it va. cle.r that numerous and highly advanced finIte el ••• nt programs 
and procedure. are now available for the .olution of one-, tvo- and thre. 
dim.n.ional locsl analyse. . Katerial and g.ometric prop.rti.a are 
con.ider.d, as are the gradual .pread of yielding, .tability .ffects, and 
.0 on . It va. noted that parametric inve.tigation. of this type ~ill 
permit tha d.t.rmination of the mo.t important factor. for the b.haviour 
and .tr.ngth of the conn.ctions , a. w.ll a. the •• paration of the 
individual .ff.ct.. For .xaapl •••• v.ral .p.ak.r. point.d out that it i. 
iaportant and useful to det.rain. how much of the toeal rotation in an 
.nd -plat. conn.ction that can b. attribut.d to .nd-plat. b.nding, how 
laUch to bolt .longation, hov IlUch to colwm. flar.g. b.nding . and .0 on. 
Finally , althouJh .0.. thr •• -diDensional exp.rt.ental work ha. b •• n 
p.rformed for b ... - to-colWUl •••• mbli •• , with r ••• on.ble corr.l.tion 
betw •• n t.at. and th.ory , much vork n •• d. to be don. to improve the total 
data bue. 

Several contributor. .dr •••• d the n •• da for consideration of 
.ervic.abillty .nd ultl .. t. li.it .t.t.. for conn.ctiona, although no 
g.n.ral con.enau. nor conclu.ion. v.re arriv.d at . It va. felt that it 
.. y b. premature to consider .uch criteri., ainc. the r •• ponse. of 
conn.ctiona vary .0 widely. .nd the controllinc fector. c.n b. videly 
different. For exaapl.. the qua.tion of local cracking va ... ntioned in 
•• v.ral c..... a. cau •• d by w.ld contraction .traina through l ... llar 
t.aring and oth.r w.ld probl ••• . Cl.arly, this focu. •• att.ntion on the 
ne.d. for under. tanding the r.apons. of the .. t.rial itaelf under a 
vari.ty of conditiona, but .o.t of all under the type of r •• traint that 
it will only exp.ri.nc. in the conn.ction region. of a .tructure . It 
would appear to b. batter to define ov.rall .ode. of failure , and to 
identify the one. that ar. preferable in t.ra. of ductility, deforaation 
l.v.l. , and ov.r.ll behaviour. Thi. viII r • .av •• 0 .. of the probl ... that 
can b. .ncountered wh.n pur.ly th.or.tical aolutiona app.ar to predict 
unrea.onably high local .tr •••••• for example, •• pecially if the l.tter 
i. b •• ed on a comput.tional .adal of ll.ited .ophi.tication. 

Sum.arizing, nu.erou. advanced .odal. of behaviour ar. curr.ntly 
availabl. for ~h. analy.i. of conn.ction., and the correlation with te.t 
re.ult. i. generally good . Th. tool. for .olving .o.t. if not all typ •• 
of connection analy.i. probl ... th.r.for. a.em to b. at hand . 
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R .... rcher. traditionally depended aLaD.t exclusively on expensive 
laboratory tests to und.rstand the behavior of connection. in .teel struc· 
tures and to derive "pirieal rule. for desian. Pinite element modellna 
appears today a. a valuable and less costly alternative (or more precisely 
a complement) to laboratory teatina. The finite element method i. no 
lonaer an esoteric and inaccessible tool in view of recent development. in 
the fields of numerical analysis. computer araphic. and computer pover. In 
this short paper. ve intend to describe the r •••• reh and development 
efforts done .t Laval University vhich l .. ded to .odelina of st •• l conn.c· 
tiona by the finite el..ant method. 

Th. experUDental approach to study the behavior of connection. in 
staal structures will certainly remain the .ost popul.r for .till some 
years but bec.us. of the hiah costs involved. researchers .re incr ... inaly 
lookin, for 1... costly but acceptable alternative.. The .o.t obvious 
alternative i • .odelin, by the finite ela.ent .. thod. 

Due to the highly complex nature of connection. and the larae nuaber 
of parameter. involved. numerous t.sts are requir.d before ao .dequate •• t 
of empirical formulae i. developed for the des ian of a .pecific type of 
connection. It app .. r. to be more rational and .are econoaical to develop 
numerical models to play vith the various parameters and to check the 
accuracy of the numerical models aaainst the re.ults of an appropriate 
number of experLmental te.ts. Not only are experimental tests ne.ded to 
validate the models but they are al.o required for calibration purposes. 
Using finite element models therefore does not mean discard ina or diacred· 
iting laboratory testing and never vill. 

Such a 
lately. vith 

vision is shared by many researcher. but it is not until 
the development of more poverful elements and n~rical 
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techniqu .. , and the rapid evolution of computers and computer Iraphics that 
it i. belleved po.slble. To ca.. up ~ith acceptable .odel., however. i. 
not a .u.ple taak and require. several year. of r .... rch and developGent. 

Since ve cannot be too speclfic due to the lLalt.d l.nath of tb. paper 
and the larae varlety of subject. to cover, we will It.lt our.elve., in 
the next .ectlons, to • condensed presentatlon of the computer prolrams we 
u.e and to brief descriptions of some element. and technique. of resolution 
which are .ore appropriate than other. to simulate the behavior of connec
tion. and some which have been developed specifically for that purpose. w. 
vill finally present some application. and pOint out ltama requiring 
further r.s.arch and development. 

STAn or '1m! ART 

The numerical .t.ulation of steel connections i. one of .. ny applica
tions result ina fro. developments done over the last twenty years by a 
group of specialists and several students at Universit' Laval in Qu'bec and 
at Oniversit' de Tecbnologie de Campi.,ne in Prance. A .odular finite 
element code called KEF [1] and an interactive graphic pre post-processor 
called MOSAIC were created and are in continuous development. KEF contains 
a library of over sixty standard elements plus as .any specialized elements 
which can be us.d for two and tridt.ensional structural and solid mechanic 
applications. About t wenty other elements are presently under development. 
Th. standard and special elements and eodules are used to solve a large 
variety of problems: linear elastic, nonlinear (plastic, large displace
ments, large strains), stability. vibration, dynamic, contact, composite 
.. tarials, etc •.. Also, many other specialized elements have been prepared 
for specific applications in fluid mechanics, hydrauliCS, haat transfer. 
accoustics, fora opttaization, etc ... 

We are presently capable of adre.sing problems like friction. slip, 
contact . plate stiffaning . plate stability and plasticity which ara lener
ally aasociated with structural steel connections. Bolting and welding can 
also be reasonably modeled in 2-D and )-D applications. The typea of 
problem. we can analyze are numerous but we do not pretend to be able at 
the present t~ to offer an acceptable solution to everyone of them . 
There is still room for improvement and more res.arch is required, as shown 
later. 

Plate aDd. Sbal..l n -.,.ta 
The library contains a good 

plate and shell .lements which can 
stability analyses of connections 
three d~nsional applications can 

Sprina n _u 

s.lection of triangular and rectangular 
be used for alastic, elasto-plastic and 

[2 - 8). Stiffened plat.s in tvo and 
be properly handled. 

Welded and bolted connections in 
cations can be gros.ly but properly 
bar alements (9, 10, II). This 
rapreaentation. 

linear tvo and tridimensional appli
represented by calibrated springs or 
obviously constitutes the .implest 
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Bolts can be represented by. combination of bar elements (10, 12 . 
131. As shown in Fig . la , two bars .r~ used to simulate the bolt prestress 
and a third is used to simulate shear. This principle w •• adapted to t wo 
as well .s tridimensional nonlinear elasto·plastic models. 

"0 " 
, 7 to' 
I , , , 

Plates 

o ,® Pre.tre.. element. 

® Shear element 

a ) 3 bar rapruantltlon 

halo 

::-___ --,1 •. 0 

m Shouolo ... nt 

m Contact element 

b ) Slip and eontlet simulation 

Fig. 1 -- 8011 modeling . 

Contact .l~u 
Contact between tvo solids can be modeled by a set of nonlinear ortho· 

gonal springs calibrated according to the nature of the contact betveen the 
surfaces [10 . 14, 15]. These elements can represent separation or firm 
contact between solids and perfect slip or friction according to Coulomb's 
law. 

In order to account for slip and contact in a bolted connection. a 
contact element is coupled with the bar element which sLDulates shear. as 
shown in Fig. Ib 1101. 

Veld e1e.ent 
Two welded plates can be roughly modeled considering they behave mono

lithically. A more refined model is obtained using springs. as mentioned 
previously. the spring constants being ultimately determined from experi · 
mental tests on the weld material [16] . 

lor a detailed representation of the behavior of fillet welded connec
tions. we have developed a IS node tridimensional prismatic quadratic 
element which is used in combination with a 20 node tridimensional hexa
hedric quadratic (Brick) element to represent the connected plates (11]. 
These elements allow a representation of the elasto-pla.tic behavior of the 
material conSidering .train-hardening but were developed a •• uming small 
strains and small displacements. The angle of loading with respect to the 
orientation of the filled weld is automatically accounted for in the model. 

I 



99 

The inherent .. chanical properti •• of the veld materi.l vere obtained fro. 
recent teat re.ults [17]. 

Each one of these elements hal been t •• ted and calibrated assinst nu.
eraus published experLDental and numerical result.. The detail, can be 
found 1n the various papers and reports. 

lIodules 
A lar,8 amount of sophisticated numerical technique. had 

oped or implemented and t •• ted to simulate nonlln •• r pl •• tic 
behavior a. well as polt-buckling behavior and, to some 
strains (9, 10, 11. 18] . The •• are contained in speclal 
interact w1th KEF. 

APPLlCAUmIS 

to be dev.l
and geometric 
extent, large 
module. "hleh 

At the pr •• ent state of development, the MEl and HOSAIC programs and 
the varioul specialized modules and elements can be used to study • large 
variety of at •• l connections and problems. Althouah we are Itlll 1n the 
early atales of our research and development prOlram on modelinl of steel 
connections by flnite ela.ents. we have been able to analyze a number of 
representative exa.ples [la, 111. Some of thea had already been studied 
nuaerically or expert.entally and were us.d to validate our nu.erical 
-»els. 

Due to space liaitations, it is not possible to present the results of 
our analyses; these will be published elsewher.. Sketches of some of the 
connections considered. however. are presented in lil' 2. Problem. like 
friction. allp. contact. plasticity, pryinl action and stress distribution, 
amonl others. were properly adressed. W. are at the present tUDe doinl 
full numerical and experLmantal studies of standard lirt-to-column connec
tions used In liaht steel buildinls (see Fil. 2d) and of standard column 
base plat. connections. such as shown in Fil. 3. 

Followinl i. a list of items we have identified for future research 
and development: 

A .. jor project, already under way. is to create an expert system 
for nonlinear resolution in which the different technique. vill 
be used in a st.ple and effi~ient .anner. 

A routine for Iraphical color repre •• ntation of str •• ses in 
nonlinear 3-D plastic models is yet to be fully u.plemented. 

'or the stmulation of tridLmensional welded connections, ve shall 
develop an element vhich vould consider second order te~ since 
defor.ations can be quite large in fillet velds. Using proper 
experimental data, it shall also be possible to include residual 
atresses in velded connections. These tvo additions would cer
tainly improve our model. Horeover. tridimensional modeling 
requires the use of powerful computers and the acquisition of a ., 
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vectorial processor ~ill improve 
ticated 3-D models. 

p 

• 

:. .. . : 

our ability to perform sophi... 

p 

• 

o ) Bolt..t doul>l. lap connacllon ( 13,19 J 

1--.--1 

I> ) Prying o.tlon (20J 

Stiffener 
Column 

c ) Be.m-to-column moment 
connection (I3 • 21J 

Column -----... -- ~~~'~ -- o 10 01 , : , , 
, 0 0 I ------ -- -~------CshOped 9i" 

Weld 

d ) Glrt-to-column connectIon 

8 variable 

e ) 3-0 welded connection 

Fig. 2 -- EXBmples of connections studied . 
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Ba .. plole 
! 

• 

aJ Plan W.., /) J Sido ./ ... 

Fig. 3 - Typ'c.' column bu. connecllon 

The bolt model shall be taproved since ultimate traction and 
shear resistances seem to be overevaluated when compared to 
available experimental results. This could simply be done by an 
appropriate calibration of the bar elements. Beside •• plastic 
failure criteria .hall be implemented for welds, bolts and 
plates. 

What probably constitutes our most challensins project is the 
developaent of • global finite element computer prolr~ for frame 
analysis which would account for partial connection rigidity. 
This program would make an extensive use of interactive graphics 
[221 and would interact with. data b.s. contaInIng pertinent 
information on various standard connections. The prolram would 
also handle elastic, el •• to·plastic, static, dynamic and sta
bility analyses. A Ireat deal of work is already done. 

We have developed a tridimensional beam element which accounts 
for geometric and material nonlinearities, residual stresses, 
initial deformations and post-buckling behavior (9}. The element 
is based on the theory of thin shells and considers the progres
sion of plasticity through the thickness of the plates. Connec
tions are st.ulated by means of 3-D springs of constant rigidity. 
The incremental for.ulation will allow us to consider nonlinear 
connection behavior without any great difficulty. 

The major task, as one could guess, is to fill the data base with 
proper lnforutlon on H-9 curves for the various types of connec
tions. Available information would have to be gathered and 
compiled in an appropriate format. Hissinl and new data would 
have to come from either experimental testing or finite element 
model ina. This project of academic character shall keep several 
people busy for quite some time and is only possible within a 
framework of International collaboration between interested 
researchers. 

-, 
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FRAHCE 

ABSTRACT 

Thi. paper concerns the •• thea.tical .odellnc of the non linear 
behaviour of the connections. The interest of a 3D .odeI rather than a 
10 or 20 .odel Is discussed regarding the preble •• of coluan stability 
and spatial structures. The size of the aacro-ele.ant which Is the 
physical aodel of the connection is defined relative to the type of 
frame analyai •. The a.ln paraaeters, I.e initial stiffness and ultlaa
te strenlth, of the .odellnc are introdUCed fro. experi.ental and 
aechanical observations. 

Different aathea.tical expression., accord1ne to the loadine 
path, are proposed, and the hypothesis of reduced isotropy ,lves inte
restin, result • . Finally. cyclic loadin, with hardeninc or softenin, 
11 presented . 

IHTROIlUCTIOH 

Recent developaents in the .odellnc of the non-linear behaviour 
of the steel structural connections use a 10 aodel. i. e . an "-0 cur
ve . However. if we look into current industrial practice there is a 
lack of inforaation recardinc "-0 curve and such aodellnc. The requi
red level of ri,idity re,ardinc the tranaaissible force at each end of 
a bar, for a three-diaensional description. is cenerally the 
follow!n, 

Nora.l force 
Shear force/stron, axis 
Shear Corce/weak axis 
8endinc IOlent /atTon, axis 
Bendin, loaent / weak axis 
Torque 

104 

Rl,ld 
Rilld 
Rl,ld 
Rl,ld, se.l-rl,id, pinned 
Ri,id .••• i-ri,id, pinned 
Ri,ld or pinned. but often ne 
elected . 
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Since all the analysis lethoda do not require a particular lodel 
for the rield connections, it see.s that for the plane structures 
(norl.l force. shear force/strong axil, bendinc loaent/stronc axil) I 
1D solution is adequate. But, in ract, due to unilateral contact. the
re is an obvious interaction between norad force and bendlna IOlent 
[l). so the level of seai-ricidity in bend!nc depend. stronely on the 
level of the nora.l force. At this stIce. 2D .odel ia necessary, lore 
especially for the in-plane buckling condition. of the coluln •. Fu
therlore , even for the plane structures, the out-oC-plane bucklinl 
conditions, i.e. for the weak axis, it 1s necessary to know the beha
yiour of the coluln base connection with respect to the weak axIl, and 
includln& the effects of the nora.l force. Then I 3D lodel ia necessa
ry. Further.ore. such a .odel allows for consideri", torsional ri.idi
ty and bendin, about the weak axis {or IO.e particular spatial 
atructures. 

PlfYSICAL MODILIJIG 

For the aodellng and the fra.e analysis the overall connection Is 
replaced by a aacro-eleaent (Filure 1). which contains all the co.po
nents like bolt., welds, anlles, etc . The constitutive equation will 
live the displace.ent {D} of one teralnal crosl section with respect 
to the other. Each terainal cross section i8 supposed to reaain plane 
durinl the loadinl, so classical beaa theory is always applicable to 
all of the bars that connect to the considered aode . The constitutive 
equation establ1shes a relationship between the displaceaent vector 
{D} '" {ut. ' ~ j} and the force vector {F} '" {Nt. ' "j} ' i, J • 1, 2, 3. 

At th1s stace such a aacro-eleaent aay be ,eoaetr1cally intelra
ted into any finite eleaent pro,raa (2] that can handle non 11near 
analysis . 

~ 
I 

~i ·1 

-.-J. , 

I 
E, I, A 

(II) -

--[=~-II ==\ = =---_.-
(I) 

Fl,ure 1 ., Ficure 2 
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Size of the aacro-ele.ent 

Generally. regarding the St. Venant Proble8, the length of this 
.acro-eleaent should correspond approxi.atlvely to the depth of the 
bar. In current applications we have chosen to reduce the size to zerO 
(keepinc the ••• e constitutive equation between the two ter.inal cross 
sections by lengthening the bar until the neutral point (Ficure 2). 
Thi. 11 necessary. particularly for the inteCTation into the P.E .P. 
procra. (3) , which uses the plastic hinge concept rather than the pro
Iressive plastlfication of the bar . 

The correlation with and interpretation of experiaental results 
.ust be clearly defined in order to arrive at the proPer co.parison 
between theory and tests . 

tta1n ParMeter. of the tIOdeling 

Observinc the ceneral aspect of the expert.ental results (Fieure 
3). at least in the ranee of the currently required displaceaents. it 
is proposed to use the initial stiffness K, and the ultiaate load Fu' 
a. the two aain paraaeters . One or .everal other paraaeters .ust be 
introduced in order to describe the non linearity . In a general way. 
our .odeling can be expressed by the followine 

with OR) : initial stiffress aatrix (co.ponents K,l 
<Fu} : ultiaate loed vector (coaponenta Full 

a k : set of paraaeters inducing the non linearity . 

Nj 

(11 

Fj ultimate _---i...:.__ solicitation 

... -----

reqJl red 

range displacement 

Fllure 3 

-, -
o 

F- . 
UI 7i1 

Ficure 4 
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In view of the industrial and practical applications we have 
tried to alnialze the nu.ber of Ik para.eters (I, 2 or J) depend!n, on 
the type of loading and the required precision. After correIa tine with 
a nu. ber of test data it has been found that the initial stiffness (R) 
and the ultlaate load (Fy} can be obtained In a forseeabla way. 
throulh a coaputatlon based on the geo.etric and the .echanical pro
perties of the co.ponents of the connection. This aeans that for in
dustrial practice, it is not necessary to do expert.ents for each kind 
of connection . Only the a k para.eters have to be obtained fro. 
expert.ents, and it Is thought possible to establish a li. ited nu.ber 
of values Cor each Caaily of connection.. Otherwile. the partition 
displace.ent equation Is proposed : {D} a {D~} + {D . "}, where {D~} is 
the elastic cOlponent of the displacelent and <D."} represents the 
inelastic part . 

a. Initial Stiffness : (R) aatrix, such as {D~} • (R1- 1 {F} 

For the silple connections this value can be obtained frol a lo
cal cl~.sical analysie (41 (5) . For the lore cOlplex connections we 
have to use the finite eleaent lethod [6]. The calculation cost is li
alted thince it Is the first step of an elastic analyais . Neverthe
lesa, it would be interesting to developp a specific 30 F.E.H . analy
sis using autolatic l esh ,eneration, static condensat1on, substructu
rine techniques, etc, in order to reduce the calculation coata below 
those of NON SAP, ABAOUS and others. 

b. Vlti l ate load (U.L.S. : Vltiaate 1ilit surface in the forces space) 

Liait analysis aethods have to be used to find all of the COlPO-
t nents of the ultil ate load vector (Figure 4). Such let hods exist for 

the lost classical connections [51 and also for tubular connections 
[7J. For the all-welded connections the ulti.ate li.it surface is 
generally sy •• etric, and can be expressed by the relationship 

6 

( ~ Ifll • )1 / . ~ 1 where f1 • Fl /Fu1 
1 

(2 ) 

For the connections w1th unilateral contact (bolted , for exalple) the 
U.L.S . 1s unsy •• etric . For exa.ple, the Bchele of 11.it analysis (Fi
eure 5), using the Von Hises criterion, can be used to find the U.L .S. 
in the co.pression zone due to concrete fracture (8) (9] . A classical 
liait analysis aethod applied to the anchor bolt perlits the deterai
nation of the U. L.S. in the tension zone (Figure 6) . 

"' 
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Ficure 5 

lOB 

, . N compression U.L.S. concrete 
U.LoS. concrete ;::.---........,.." + anchor bolt 

alone - -..::..- ..... 

U.L.S. colurm 
sect ion 

tens ioo 

" .... 
" ' ) ) , , 

U.LoS. anchor bolt 

Fiaure 6 

IlATlIIKATlCAL lCCPRISSIOIIS 

At the ao.ent several .at~atlcal expressions have been develo
ped , The expert.ants on the colu." base connections will provide the 
rea.inder, which will then be used to propose the s.a. aodel for all 
connections in the structures (for industrial purpose) . Host of thea 
are based on the theraodyn •• ics theory. The first .odel , only availa
ble for a radial aonotonlc loadine path (Fi,ure 7), 11 

~) • [Rr' (1) (11 (1 - "») with (1) a , (1.) 13) 

It requires only one paraaater (a) to i ntroduce the non lineari
ty. The tera "." ISSues a value between 1.5 to 4.5, depend!n, on the 
type and size of the connections (bolted, rIveted. welded) . 

The second .odel (10) uses an incre.ental for. which can incorpo
rate cyclic and non radial loadin, : 

d ~.n) a [e) [R) " , <"'.) d (1) 14) 

The non radial loadine path is necessary, particularly in . ode
line buckline of coluans . In the si.plified case (2D) used in the PEP 
procr •• [3], the expressions are (with n • H IH~ and • • H/Hw ) : 

". du a [ do + g . 
Kn 

(An dn • Bn Idol) J IS) 

". 
do> a 

K. 
( da + , . (B. dn + A. Idal») 16) 
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\ 
\~--t-__ 

/ 
rad ial loading 

path 

\ . 
non radial 

loading path 

Ficure 7 'leure 8 

The third .odel (4] utilizes the hypothesi. of reduced isotropy 
which Is baled on a noraallty law. This .eaos that in the apace of the 
reduced forces. fl· F ilF ",1' and in the space of the reduced displace-

.ents, d 1 • D1/D~1' with (D~) • (R)-l <F,,), the behaviour does not de
pend on the loading path (Figure 8). The noraality law ia used with 
respect to the firlt loading surface ('.L .S. ), which 11 hoaothetic to 
the U. L.S. ('feure 9), and grows with the loadinl . The ceneral •• the
a.tical fora is : 

(F) 

Under a reasonable set of hypothesis the second and the third aodel 
give the saae integrated expressions : 

D, • F, [1' C, F, 1 (7) 

K, '",', 

Further.ore, the third .odel gives C1 • C. This aeans that only 
one par.aeter is necessary to take into account the non linearity . 

• 
, .......... . 

_ ULS 

, 
--4---~'----~---+----~-- I j 

'F.LS. W} = t(F j ) -, 
'ilure 9 

F 

O' h 

+ ___ L-----O 

Ficure 10 

d 
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CYCLIC ~'DINC 

Inside the F. L.S. the Hasing rule , we l l known 1n cont i nuua aecha 
nics and extended to struc tural .echanics, is used Co describe the cy
clic loading. At each reversal of loading (order h) a new reference 
axis syste. (F i n' Din ) is defined (Figure 10). with a hoaothetic ratio 
of 2 for the variables , thus : F' k /2 and 0 1 "/2 . 

The softening or hardening dur ing cyclic loading aay be aodeled 
by varying the C para.eter (equation 7). using , for exaaple. the ex
pression : 
C = c •• eel - C.le- rp

. A co.parison between experiment and theoreti
cal results , for a cyclic hardeni ng case is given in the figure 11 . 

, . 

-1--; 

Test result 

'.,.., 
' ;- ~ I/~ 

r/f, 

Figure 11 

COIICLUSION 

Theoretical result 

For the .odelln. of the non linear behaviour we propose physical 
aodels based on the geo~tric and .echanical properties of the connec
tions, rather than using a curve-fitting technique only. The three 
di.ensional aspect allows be account in. for of aost of the probleas. 
even those associated with planar structures . In their final foras, 
the aatheaatical expressions reaain aiaple enough to use in practical 
desien . 
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tNIER =IC LCWJS 
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El"Jireering Faculty 
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'l1le main feabuTes of a very s.q:>histicated mathematical nodel for in~ 
preting the actual behavuAlr of semi-rigid connection under alternate load
ing ccnditioos are presented in this paper. After a sOOrt analytical pre
sentatic:n, sore p:>Ssible applicatioos of this roodel are illustrated. It 
has been calibrated 00 the basis of experiJrental results and, starting f=n 
appropriate behavioural paraneters ispired to reoent EX:CS Rec:crmendatiCX\S, 
it can be used to extrapolate the existing results and to interpret the 
semi-rigid joint performance. 

'!be aim of the present paper is to show saT'<! possibilities of appli
catioo of the mathematical I1"Odel wch has been proposed in [1] for semi
rigid connections. 'lbe main data of this mxlel are the following: 

a) hrong the large nUTber of roodels existing in the literature, the propos
ed one beloogs to the category of the sophisticated I1"Odels. 

b) '!be fitness with the actual behaviour of the <XXUleCtioo is achieved by 
neans of curve-fittiB1 techniques wtti.ch utilize ~ to 12 nlm!rical 
CX)If!f ficients. 

c) It has been checked en sore existing results of cyclic tests 00 beam-to
collml oonnectioos both in steel and in reinforced o:n:::rete with a very 
satisfactory agreerent [2] • 

d) It has been also used to calibrate the unified testing procedure recen
tly proposed by the task group 1.3 "Seismic Design" of the European 
Conventioo for Calstructiooal Steelwork (a::x:s) [3] , by rreans of appro
priate behavioural paraceters [4] . 
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e) A recent research progr ... m beiO!rl:O-OOlum steel joints [ 5] provided a 
lot of e>cperiJrental results of hysteretic re14t1aWUps , .nich have 
been strictly interpreted and exploited by aeons of the propoaed m:ldel. 

"!be ass1.lllOd m::mmt-rotatim relatimship is subdivi¥ into four bran
ches (see fig. 14). "!be increasing brarw::h /a / (fran 0 to M ) can be analy
tically expressed by a three terms relatim 

1''' 'flo + 'fIl +1'2 Il) 

Iohere the first term 'flo is the resiQ.laJ. rotatim of the previous ~le, 
the second term is the RaI!tJerg-<>sgood type rotatim given by 

104 (104 )r - --+cx-1'1 - RIa) 1042 
(2) 

the third term is the increIrental rotatim <b! to slip bet>een M' and M", 

given by 

'fI2" [ A'P~IQ) + [ 6'f'S2
In

) - Kl ] pip IS-1 + Kl p] 6104 (3) 

being 
~ the narent which corresponds to a rotatial twice the elastic one; 

ex ,r,s,K
1 

nmerica.l coefficients; 

f .. 2M - 104' - 104" (-1< P < 1 for 104' < 104 < Mil) ; 
M"- M' 

6104 .. 1 for M' < 104 < 104 II ; 

10M .. 0 for 104 < 104' or 104 > Mil . 
"!be deterloratim parlll!leters R( n ) and A'Ps ( n ) are given by 

Rln) .. R [1 - 6: (n~x j] (4) 

A'f'sln) .. 6'f's,min +(A'f's,max -6'PS,min) [ n~ .. r (5) 

depending ~ the energy variatim lsee fig. lb) , being: 

n. the overall energy dissipated at collapse, 
max 

6'f's,min (6OPs.max) the r.dnizIun (max1l:un) value of slip measured at the 
first cycle and at collapse , respectively; 
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AR the decrease of joint stiffness m;asW'ed 1.n the cycle before collapse; 

m,n n~ical coefficients. 

'"'" decreasmg brateh / b I (fran It La 0) is expressed by 

104 -104+ + 
f = R(M.n) + 'f' 

(6) 

R(Ml\J=R(n>[,_lI'R (M+-M)+~] 
• R\n) 104+ R(n) 

(7) 

where 6'R and t. "R sinulate different unloacting conditi ons (see fig. lcl. 
Branches I c I and I d I are represented by the ..,.,., fomulation of branches 
lal oro /bl . 

'nle e>q>eri.nents 00 structW'al cx:rrponents Wlder cycll.c loads are carri
ed "'t Wlth particular testing procedlres wtuch usually differ each other. 
It doesn't allOtoi to .t:rictly catpare the various results ocrru.nq fran diffe
~t laboratories. 
The necessity to unify such experimental procedures is unquestionable and 
the o:::cs tasldnq group "Seismic Design" recently decl.ded to \oOrx out a pro
posal for a rec:x:J11'l'ende testing procedure for as BSing the behaVl.our of 
structural steel elarents Wlder cyclic loads [ ) ] . 
'"'" main problem was to define the fundamental par ..... ters for the interpre
tatioo of the overall behaviour of the structural c:x:nponenta. '!hey have to 
characterize the degree of ductility, the amount of energy absorption and 
the deterioratioo of rigidity and strenght as far as the n~r of cycles 
increases. 
'"'" fOllowir>:J behaviooral par ..... ters have been defined 

.) partial ductility : jl~l = .tI.; 

b) full ductility: 
1'0;. = 'r! ty 
u:t- " A.:+/t+ 
.r' 'Y 
jlC = A'rI'Y 

c) full ductility ratios: ¥t = ht/<.t + (ti _ tV» 

d) resistance ratios: 

e) rigidity ratios: 

¥t = Ail/(tl + (·t - tm 
&t = Ft/Fj 
&[ = FCjFC 
tt = tg cxt!tgcxt 

~l = tgcxi /tgcxy 

(see fig . ld,e): 



f) absorbed ener<JY ratios: + 
"\. [ = 

"\.l = 

U5 

+(+ + - - ) 'y ' i - 'y + ' l - 'y 

'y (tr- 'y + .t - tj) 
'lb! reference parameters F , e represent the ~ tx:Jund of tre quasi~la
stic behavioor. "n>ey are c&vel:tiooally defined by tJ.. intersection of tre 
tl«) tangent lines """"" in fig . If. 

nmlU'REl'ATICN OF CYCLIC RESULTS 

"n>e proposed mathematical nodel can be used to interpret tre results 
of cyclic tests on structural elements [ 4 1 . "n>e testing procedure given in 
[3] has been exactly si:tul.ated following tre sme steps. "n>e load versus 
deflection hysteretic loops are autaMtically plotted, as it is """"" in 
flg. 2 . As tre JroSt significat parorreters for c:atparing tre cyclic beha
viour, we have asS\Sfl!d the following: 

- peal< str""3ht (S ), correspondi.ng to resistance; 
- secant lroC1>lus !iIi l. oorrespondi.ng to rigidity; 
- energetic efficiency (E . ), oorrespondi.ng to absorbed energy; 
- ductenergy (Oi)' oorre~ to tre prOO.lct of <l.lct.ility and absorbed 

energy. 
'I11e variatioos of such p4rlJlT'eters as a function of the increasing deflec
tion are also given in fig. 2. 'lllese curves are normalized referring to 
the linut elastic values (F , d ). 'their behaviours represent the basic 
elements when "" c:atpare tJl poJfonnance of different tYlA'logies of struc
tural ~nts (Le. joints, camect.ioos ,bracings, ... ) fran the point 
of view of their reliability W'lder alternate loading c::xJnditloos. '!hey can 
be also utilized to define tre ultimate limit states which conventiooally 
oorresponcl to tre end of tre test. In fact it can occur that tre structural 
CXJlp:;Aeht is sutmitted during the test to conditialS which are out of inte
rest fran the physical point of view. Looking at these variatioos we can 
recognize that an ultimate limit state is reached ...men a significant re
ductioo of the main behavioural paraneters arises. 
As an exarrple, 5aI'e ultimate limit states can be identifies as follow: 

a) '!he deterioration of the material due to qearetrical or rrechanical 
effects prod>ces a re<l.lct.ion of tre peak load carrying capacity (5.) 

during the cycliC test. l. 
b} '!he excess of dcfonnatioo produoes a reductioo of the rigidity para-

rreter (R), ..nJ.ch beocrne. unacceptable when leads to unstable effects 
00 the ~all structure or introduces toO large residual deformations. 

c) ~ st.rUCt.ural catp:::r"IeJ1t is Wlable to fulfil its functioo ..men the 
energet.ic efficiency panrreter (E ,J is reduced below a given mrount 
lit can NJ(lpen. for instance . in ~ismic resistant structures). 

'Ihc interpretatl.oo of the experi.rrental cyclic result. by rreans of these 
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par ...... ters and the definitial of their lJJait values shoold also ~ the 
cmsicleratial of their intl""""" al the OIIerall behaviour of the structure 
which t.h! CUip::ilEut belOOCJS to. 

CALIBRATICJI <F 'l'HE rUlE!. 

'!be cyclic behaviour of 14 beans-to-oollml speciJrens has been e>eperi
nentally analysed in [ 5 1 . '!bey have been designed followin<; the current 
technological types ocmrunly used in rigid and semirigid ooonectialS for 
fr~ steel structures. In fig. 3 the specinens are grouped in four main 
categories (A, S,C, D), which c:x::J'IIer the practical range of behavioural va
riability of load versus displacerent relatialShips, as it is .room fran 
the oorresponding e>eperizrental hysteretic ~. 
'!be proposed roodel has been applied to such results, giving the sinulated 
curves plotted in the lower part of fig. 4. '!be ~ diagrams give the 
ratios between si.rrulated and experimental values for the 8trenght F . and 
the area A. of a half-cycle at each value of the inpooed displ~t •• 
'!be oorr~ scatters are usually very satisfactory. 

aN:LUSICJIS 

'!be _ results allow to conclude that the proposed mathematical 
model is able to fit very closely the e>eperizrental results of bean-to-oollml 
joints. It has been satisfactory used in the interpretatioo, exploitatioo 
and extrapolatial of testing results. It seems also a very appropriate no
del to be int.roaJoed in a rrore sofisticated analysi s of the overall beha
viour of semirigid framed structures. 

1hls research is s~ by the Itali an Ministry of Educatial. The re
search team is 0CJI1l0Sed by Edoardo cosenza, Antalello De Luca, Attilio 
De llartino and eiro Faella. 

1. De nartino A., Faella C. and Mazzolani F .r-1., Sin'ulatioo of bearn-to
ooll.lm jOint behaviour under cyclic loads. Cost.ruzioni ~talliche,n. 6 
1984 

2. cosenza E., De Luca A" De Martino A" Faella C. and t1azzolani F.t>t. , 
Inelastic behaviour of framed structures under cyclic loads. Euratech 
COlloqui... 174, Palerrro, October 1983 

3. a::x:s-<Ent-EKS, Recc::rmended Testing Prcx:edure for Assessing the Behavi our 
of Structural Steel Elerents under Cyclic Loads. Technical Working Group 
1.3, seismic Design. n. 45, 1986 

4. De r1artino A" Faella C. and Mazzolani F.H., Il ccrtpOrtancnto c i clic:o 
dei nodi in acciaio: rretodologia interpretativa. Giornate ltaliane della 
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Figure 1 - 'the characterizatittl of the hysteretic l~ 
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behavioural parareters 



§? EF.= It= §F.? -,.. ".,,, -'" ,,~, .. 
,~~~~~~~~ t-FW~w~~~~ -

~ 
... _ ~.. ~." ~ I _ ,~ :0 

1- ; i : , , 
Cl C2 C3 C4 

.'.'.: ~~.. .. . I Cl ~ C2 ~ C3 UJ,.I'f C4 

FF.~ -If! . . . . 
II ,,1/ 

... 01 _.. 02 lrrNi1J 

01 102 

Figure 3 - Tested bemrto-colum speciJrens and experirrental hysteretic results 



~ 

5 
:., 

: , 
$ 

s , 

t 
i. 
~ 

: , 

· · · · .. 
· · , , • • , 
· . 

• · · • 

" · · 
•• , > 

",' 

• .. • • 

· · · · • · . - • , = · · • , . . , 
· · • • 

· · . · · . · · . · 
, : 
• 
• 

120 

~ 

• 

Jf ~ 
~ · . ] · . · . 

· • ... .. 
. f .. 

" 0 

'" 
~ .. 

" ~ .. 
~ 

· • 3 
j 

I 
5 

• 'r; 

, 
';-

· · · 

2 ... 

d£ I · . · . ij · : 

~ ... 
u ... 
" 1: 
;1-::. p 
] .§ 

if 
• 
a 

! 



Koaent-Rotation Relation of Top- and Seat- Angle 
vith Double Web-Angle Connection. 

by 

W.F. 2 
Chen • 

3 4 
K.G. Katluoka and S.C. Noaachi 

ABSTRACT 

In this paper. the aoaent-rotation relation.hip of top- and 
leat- angle with double web-angle ateel bea.-to-coluan connec
tiona is developed . In thia developaent. the initial elsstic 
.tiffne.a and the ultiaate aoaent carrying capacity of the con
nection are deteratned by u.ing a 11aple analytical procedure for 
aodeling the toP-. leat-. and web-angl.a of the .eai-rigid con
nection •• 

U.ing the initial connection stillneaa and the ultiaate 
aoaent carrying capacity ao obtained. a three-para.ater power 
.odel is found to be adequate for repreaenting the ao.eDt
rotation relationahip of thil type of connection'. 
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1. INTRODUCTION .. 
The connection type considered here Is the top- and seat

angle with double web-angle connections as sho wn 1n Fig . 1. This 
connection type has the inherent ductility offered by the flex
ural defor •• tion of both flange and web angles 1n the lega 
attached to the column. In this paper, an analytical proced~re 1_ 
developed to predict the moment-rotation characteristics of this 
type of connections by determIning its Inltlal stiffness and 
ultimate moment capacity. A three-parameter power model 18 used 
here to represent the whole moment-rotation behavior of the con
nections. The experimental results reported by Altman et al 
(1982) and Azizinamini et al (1985) are used here to verify the 
proposed procedure. 

2. FORMULATION 

2 .1 Initial Stiffness 

Deflected configllration of the top- and seat- angle with 
double web-angle connections is sho wn in Fig. 2 , based on the 
results of Altman et al (1982) and Azizinamini et al (lYij5) . The 
beam rotated with respect to the stub column, essentially a8 a 
rigid member by pivoting about a point near the surface of the 
beam compression flange. 

To determine the initial elastic connection stiffness 
the connection is modeled as follows: 

The beam and the angle legs adjacent 
rigid lIe.bera. 

to the beam act as 

2. Materials of the angle lega adjacent to the colUlln flange 
aTe lineaTly elastic and theiT displacements are small . 

J. The center of rotation fo r the connection Is located at 
angle leg adjacent to the compression beam flange. 

the 

4. The top angle acts as & cantilever beam in which the fixed 
support line is assumed to be at the fastener-nut's edge 
near the beam flange in leg adjacent to the column face as 
shown in Fig . 3 . 

5. The web angle acts as a cantilever beam similar to 
behavior of the top angle shown in Fig . 4 . 

the 

6 . The resiating moment at the center of rotation 1s neglected . 

Baaed on 
in the 
the heel 
P

t 
(Fig . 

these assumptions and considering the shear deforma tion 
leg of the top angle, the horizontal displacelDent 6 of 
of the top angle corresponding to the beam flange fhree 
J) 1. 

(I + 

2 
0.78 (t ) 

t ) (I) 



123 

- beading .cilfn ••• of the Ie, adjacent to the 
eoluaD face of top angl., 

w • nut~. width aeros. flate of bolt, 
t • thick n ••• of the top angle . 

r 

( 2 ) 

(3) 

Here, the coefficient of ahear defor.ation ~ 18 taken 8. ~. 6/5 
(Gere and Tlao.henlc.o, 19~4) . 

Following the •••• procedure for 
the a.an value 6 of the horizontal 
heel coreeaponding'co total force P 
(F1g . 4) ,.: • 

the top angle 
displace.ent of 
actlog 10 one 

2 
0.78 (t) 

o ) 
Ao (1 + 

coonection, 
the angl.', 

web angle 

(4) 

in which 
EI 

• 
• bending atiffne •• of the leg adjacent to the <:olu.o 

face of web angle. 

(to») 

12 -

- Wl2 - t./2 

t •• thicic.ne •• of the web angle . 

(5) 

(6) 

A •• u.ing the P act. at the alddle height of the web angle 
and referring to Chi deflected configuration .hown In F1ao 2, the 
relationship between the horizontal di.plac •• ent. of each connec
tlon (6 I 6 ) .nd the connection rotation e .~e: 
tor 

A - d 1 • ( 7 ) 
t r 

A. - d) • r (ij) 

in whi ch 

d
1 - d + t 12 • + tt /2 (9) 

d) - d/2 + t 12 ( 10) 
• 

-, 
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Noting that the two anglea attached to be •• web and coluan 
flaoge and takiog aoaent about the ~·'Qt.r of rotatlon (Point C in 
Flg. 2). the aaaent h •• the value 

( 11) 

Substituting Eqa. (1) and (4) into Eq •• (7) and (8) reapec
tively, and then into Eq. (12), the follov1oa relationship 
batw'la K and 8 1, obtained: 

r 

3(U,) (d
j

) 
2 

.J e 
0 . 18(, )2) r • 

ThuI, the initial connection Itilfn ••• Rk! ha. the value; 

6 (Et.) (d
3

)2 
+ ---:-z- 2 ) 

'3 ('3 + 0 . 18(t.) ) 
'01 -

2.2 Ult1 •• c. Koaent 

(12 ) 

(13 ) 

a.aed on the expert.ental re8ult, reported by Alt.an It ,I 
(1982) and Azlz1n •• lni It ,I (198S), we '.'U.' the collapae 
a.chant ••• for the top- and I.at- angle connection and of the 
web-anile connection aa ahown in Figl . 5 and 6. reapectively. 

Since the diat.nce between the two plaatic hiolea ia rather 
.hort co.pared with each angle". thickneaa, the effect of ah.ar 
force 00 the yieldiol of .ater1al mUlt therefore be cooaidered . 
The eatl.aclon of the ultt.ace .trenlth tor .ach connectlng parC 
ia ba.ed on the aoalytical procedure propoaed previoualy by Chen 
and Kiahi (1987) or Kiah1 et al (1987). 

For the top- and aeat- anile connect1nl part: 

Si.i1.r to the procedure used previoualy by Chen and Xi.hi 
(1987), the upper plaatic hinle Hl loc.te. at a d1.tance t /2 
froa the fized point, the work equation tor the mechanla. ahbwn 
In Flg. 5 1. : 

2" e - v '2 e pc pc 
(14 ) 

in which H 1, the pl.'tic aoaent and V 1, the shear force 
acting at ~fie pla.tlc hing •• in the top it,le Ie,. 

Uaing the Druck~r"a yle1dlnl criterlon (1956) for the co.-
bined bending H and shear Y , • 4-th order equation w1th 
reapect to (Y /y pt ) 1. obtained: pt 

pt ot 
V g V 
(~)4 + -l (~) _ j _ 0 (15) 

V t V 
ot t ot 
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in vhich 
V - plaatie ahear capacity of the top .ngle leI without 
ot coupllng, 

.Oylttt 
2 

(l6) 

a - yield Itreaa of top angle, 
g~ - diatance betveen the tvo pIal tic hiogel, 

• g, - k, - W/2 - ',/2 ( 17) 

k , - diltanee fora the top enlle~a heel to the toe of the 
fillet a8 shovn in Fig . ~. 

the ulti.ate ahear strength V can be deter.iaed by aolving 
Eq . (l~). The ulti.ate .oaent atPlhe center of rotation 'lith no 
,hear action i, 

"00 
(l8) 

For the veb-aogle connecting part: 

Baaed on the .aau.ed aiaple aechani, • • a ahoVD in Flg. 6. 'Ie 
eon,ider the ultiaate Itrength per unit length at an arbitrary 
.eetion firat. and then obtain the total ulti •• te atrength by 
integrating the •• long the pla.tic hinge line of the veb angle. 

The vork equation for the aechania. at an arbitrary aection 
y in Fil. 6 vith the plaatic aoaent H and the ahear force V 
per unit length for the one web angle liYg iven by py 

2M e-v g-
py py y 

(19) 

Further.ore, using the tresc.~s yield eriterLon and the 
Drueker~s yield criterion (19~6) 8i.ilar to the procedure uaed 
previously for the top- and 8eat- angle connectioD, ve obtain the 
4-th order equation with relpect to (V IV): 

py oa 

in vhich 
V 

oa 

- 1 • 0 

• pl.'tic ahear capacity per unit length of the web 
angle leg without coupling, 

. ..D 
2 

(20) 

( 21 ) 

• di,tanee between two pl •• tie hingea at an arbitrary 
leetion y, 

-. 



k 
a 

g - k 
• (_c~_~.) y 

lp 
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' . 
( 2l) 

- distance from the web angle'. heel to the toe of the 
fillet. 

The valuee of V can be deter.tned by solving Eq. (20). 
However, the pla.tiEf. hear force V becomes parabolic distribu
tion along with angle hel~ht y whlc~Yh •• the mini.um value V at 
the upper edge of the angle (y - 1 ) and the .axl.um value VU • 
V at the lower edge (y - 0). To ii.PIlfy the analytical glo
c~aur.. we 8.sume 8 linear distribution for V as ShOWD 1n Flg. 
7. The re.ult.nt plastic shear force V haa PY 

pa 
(V + V ) 

V pa • --.P.·~-f-~- Ip (23) 

The above value 1, for one angle connected to beam web and 
colu.n flange. Thus, the value for double web-angle connection la 
twice of t.q . (23). 

Total ulti.ate moaent capacity: 

The ulti.ate state of the connection is shown 1n Fig. 8. 
Uling the ultimate strength obtained fro. £qs. (14), (15) and 
(18) for the top- and seat- angle part of the connection and Eq. 
(23), for the web-angle part, the ultill.ate 1I.0aent capacity Mu 
about the center of rotation (Point C) is given by 

H • H 
u oa 

(24 ) 

1n which 

d 2 - d + t
s

/2 + k
t 

( ZS) 

(2 V + V ) 

d pu oa 1 1 /2 
4 - )(V + V ) P + 1 + t, 

pu oa 
(26) 

2.3 Mo.ent-Rotation Relationship 

The power model proposed by Richard (1961) and uaed later by 
Coldberg and Richard (1963) is adopted here. Thia .odel was used 
recently by Chen and Kishi (1987) and Xlshi et al (1987) to 
repreaent the .oment-rotation relationahip of top- and aeat
angle connectiona and aingle/double web-angle connections respec
tively. This power .odel ia an effective tool for de,igner to 
execute the second-order nonlinear analy.i. quickly and accu
rately . This 1s because the connection stiffnesa can be deter
mined directly without iterative procedure and has no negative 
stiffness. 
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Using the initial connection stiffness R and the ulti.ate 
ao.ent capacity H~ of the connection, the .o~~nt-(ot.tlon (H- ) 
relationship can be represented adequately by the power .odel r 

Rkl e r 
H - (21) 

(l + (e Ie )'1 1/0 
r 0 

in which 
8

0 
- reference pla.ttc rotation 

H 
u 

- Rk1 

The connection .titfness Rk in Eq. (27) 18 

R -k 
dH 

de r 

and the rotation e Is: 
r 

11 + 

3. EXPERIHENTAL VERIFICATIONS 

R 
k1 

(e Ie )'1(0+1)/, 
r 0 

(28) 

(29) 

(30) 

To verify the power model proposed here, the teata reported 
by Alt •• n et al (1982) and Azlzina.tnl et al (198S) are used. 
Adding the lub-routine developed in the preceding section to Qur 
existing data based program (SeDB) by kishi-Chen (1986, 1987), 
the procedures for the assessment of the H-8 relation can be 
conducted directly and automatically . the sens program ineludes 
the routines for analytieal and numerical estimation of H-8 
curves with the exeeption of those for the control of the dati 
base for 8e~i-rigid steel beam-to-column connections . 

A comparison exa.ple for H-er-curves is illu.trated in Fig. 
9. The experimental results are compared with the analytical 
power model proposed here , the modified exponential model as the 
curve-fitting method introduced previously by Kishi-Chen (1981) 
and the polynoaiaL model proposed by Azizinamini et al (19ijS) as 
Frye-Morris's model (1975) . The experimental data are taken fro_ 
the each level of ultimate mo.ent capacity. Selecting a suitable 
value for the shape parameter n, the results obtained by the 
power model agree rather well with the experimental results simi
lar to that of the polynomial and modified exponential .odela. It 
can therefore be concluded here that the proposed power model 
represents adequately the moment-rotation behavior of the top
and seat- angle with double web-angle connectiona . 
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4. CONCLUSIONS 

In chi. paper, the aoa.ot-rotation relationlhip of top
a.at- anile with double web-angle eonn'etiona 1. developed. 
Inlt1al CODneetion Itiffoe •• and the ule1 •• te aoaent capacity 

.nd 
Th. 

of 
the connection are deterained by UI101 ai.ple InalytLcal pro
cedur •• and are uled I. two of the three par ••• tera in the pro
pOled power aodel. The propoled power aodel 1a found In I good 
alree •• nt with available relulta. The power aodel can be ••• 11y 
i.pl •• ented in 8 a.eond-order Inaly.1a. 
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Hoaent-lotation Relation of Single/Double Web-Anile Conneetion, 

by 

N. Ki'hil. W.P. Chen
2

• K.G. Hat,uolt8
3 

and S.C. NO.8chi' 

ABSTRACT 

In this paper. the 1I0laent-rotation relationahip of lingle 
web-anile and double web-anile bea.-to-coluan connectiona 1. 
developed. In thia development. the ioitial ela.tic connection 
.tiffne.. i. determined by using the .iaple bending torsion 
theory aod the ulttaate lIoaent capacity by the .t.ple pIa. tic 
aechani'a. 

The coaplete aoaent-rotation relatioo,hip of the coooeetion. 
is cepreleoted by a three-para.eter power aodel. The analytical 
model i. fouod to be In a good agreeaent with available experi
aental result. for .1ngle and double web-angle connection •• 

1. INTRODUCTION 

Single and double web-angle steel beall-to-colulln connectIon. 
such as thoae ahown in Fig. 1 are widely uaed in practice . In 
this paper . ao analytical procedure la developed to predict the 
IDo_ent-rotation characteristica of these conneetionl by deterain
ing the Initi81 atiffneas and the ultla.te aO_ent capacity of 
theae connection. . Power aodel used previoully by Chen and Kishi 
(1987) i8 then .dopted to represent the coaplete aOaent-rotation 
behavior of these connections. The experiaental reault. reported 
by Lipaon et al (1968) on .ingle web-angle connectIon., and by 
8ell et al (1958). Levitt et .1 (1966) and So •• er (1969) on dou
ble web-angle connection, are used here to verify the proposed 
procedure. 
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of Technology. Huroran, 050 Japan . 
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2. FORMULATION 

2.1 [01tl.1 Stilla ••• 

The I.ner.l deform.tton pattern of t h e web-. DII. connection. 
1. .hovo in tiS o 2 . The expert •• nt.l r •• ult. r.ported by Bell, 
Che.,on .nd HUD" (1958) and by Levitt , Che •• on .nd Hun •• (1966) 
on double web-aDgl. connectionl .howed the following beh.vior: 

The center 
depth of 
Ing . 

of rot.tion of the connection va. near the ald
the be •• during the fir.t fev ince ••• ot. of lo.d-

2. The defoe •• tion .nd lub.equent t •• riol of the conn.ction 
.011 •• pel •• rily r.sulted froa bending .oa'nt, .nd the 
effect of Ihear detor •• tion on the conn.ction beh.vior wa. 
r.l.tively ••• 11. 

To deter.lne the Inlti.l .l •• tic connection .tiffn ••• 
, •• ua. the web-.Dgle to beh.ve in the tollov1na •• nner: 

ve 

1. The effect of .hear on connection deformation i. ilnored. 

2. The pa rt of 
tic vhile 
rilid body. 

anale connected to colu.n behave. linearly ela.
the part of anile connected to bea. behave. aa a 
The connection defor •• tion i ••• all. 

3. The part of angle fa.tened to colu.n flanle acta .a a 
aoderate thick. plate in v hich the fixed aupport 1a ••• umed 
to be at the fa.tener-nut edge clo.e to the bea. web and the 
concentrated toraional ao.ent i. in equilibriu. with the 
connection moment acting at the free edge . (Figa . J and 4). 

Sa.ed on theae a.aumptions and ualng the ai.ple bending 
theory, the loverning differential equation vith re.pect 
rotation. of • aoderate thick. plate ha. the form: 

in which 

EC 
v 

J - unlfor. torllonal conltant 

_ ! 1 t 3 
3 p 

Cw - warping conltaot 

1 3 3 
-1441pt 

at - di.tributed tor810nal moment 

E,C - Young'. and ahear modull reapectlvely. 

tor. ion 
to angle 

(1) 

(2) 

(3) 



The boundary condition. ar. 

at the free edge (x - '1); 
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• - 0 
t 

2 

~-
dx 

0 

J 
CJ ~- !e

v ~ - H dx 
dx 

and at the fixed edge ex - 0); 

~ - 0 dx ' 

in which 

• - 0 

'1 - ,age dIstance fro. the fixed lupport line to the free 
Idge Hne •• ahowd in Fig . 4 . 

"hire 

- I - k - W/2, e 

Ie • distance fora the angle', heel to the center of bolt 
holea in leg adjacent to the coluan face 

W • the w1dth of f.,tener'. nut 

(4) 

0) 

(6) 

0., b) 

k - the discance fro. the angle', heel to the toe of fillet . 

Solving Eq. 

to .'tx-'I' 
and the rotation 

(1) together with Eqa. (4) to (7) and .'ttlng e 
the relation,hlp between the cODnectlon aoaent ~ 
e r beeaa •• 

IC eo. h (IC g 1 ) 

) GJ e r eooh(. 'I - sinh(·'I) 

In which IC • 

H - (.gl) 

I <:'J' ,lEe" and puttiol ~ - 0 . 30, 

....!!. 
• - 1 P 

where Q • 4 . 2961 . 

(8) 

(9) 

Introducing the new para.eter 6 to 'taplily the equation, 
the connection .o.ent H 1. gi~en by 

H - t 6 (1 0 ) 
k

i 
r 

where the initial connection .tiffn ••• Rk 1. 
1 

"' 

(11) 
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and 8 1. defined a. ' . 

6 - (12) 

Equation (11) 1. the i n itlal connection stlffnes. of alnsle web
angle connections. Then Rkl for double web-angte connectiODS 18 
twice the value given by Eq. (11). The inltial connection ICiff
ne.. Ro 1. now expressed ln terms of three paralDeters t . 1 and 

1 p 

Ulti •• te Bending Capacity 

Saaed on the experimental results report~d by Bell , Ches80n 
and Huna. (1938), we •• au.e the global collapse mechanis. for the 
web-angle connections as shown in Fig. 5. Since the distance 
between the two pl.stic hinges Is of the •••• order of magnitude 
when compared with the angle thickness , we .Ult therefore con
aider the effect of ahear force on the yield1ng of the •• terlal 
due to bending. 

The work equation for the .echani •• at an arbitrary section 
y in FiS. 5 with the plastic aoaent capacity H and the .hear 
force Vpy i. given by py 

2 II e - V By e py py 
(13 ) 

The Drucker'. yield criterion (1956) for the co.bined bending 
aoeent H and shear force V , has the for. 

py py 

(l4 ) 

in which H and YO are respectively the 
.oment ca9aclty and shear force capacity 
angle. 

pure pl.atic bending 
per unit length of web 

Uaing the Treaca'a yielding criterion, 

2 

"0 -
~ 

4 

we have 

in which a i. the yield atress of web anglea. 
y 

(15) 

( 16) 

Subatituting, Eqa. (13) , (15) and (16) into Eq. (14) and 
rearranging the 4- th order equation with reapect to (Y IV) 18 
obtained a. PY 0 

~ + t - 1 - 0 (17) 



139 

The value of V can be deter.ined by solving Eq. (17). The pl.s
tie shear for~l V ha •• parabolic dlatrlbutloD alons the angle 
height y. It ha. tR~ .1olDua value V at the upper edge of che 
angle (y - 1 ) and the •• xiaua v.lg~ V - YO at the lower edge 
(y • 0). To stiplify the analytical procg~ure. the Yeri,tion of 
y 1 ••• au.ad to have a lInear distribution sa _hown in Flg. 6. 
tBt resultant pl"tic shear force F 1. 

V + Vo 
pu 1 

2 P 
F • (l8) 

taking the aoaeot at the lower edge of the angle, the ultt •• te 
aOaent capacity H of the connection 18 obtained 8. 

u 

H 
u 

IV + V 
_.£P~u.,-_~o 12 

6 p ( 19) 

Equatton (19) I, for lingle web-angle connection •• Thu., for dou
ble web-angle connectiona, the value H 18 tvice that of Eq. 
(l9). u 

2 . 3 The Hoaene-Rotation Relationship 

The power model, originally propoaed by Richard (1961) and 
later applied by Goldberg and Richard (1963), vaa uaed recently 
by Chen and Kiahi (1987) to repreaent the complete _o_ent
rotation relationahip of top and aeat angle connectiona. This 
power model is found to be an effective tool for deSigner to exe
cute a second-order nonlinear analyaia quickly and accurately. 
Tbis i8 because the connectton stiffness can be determined 
directly froa the expression vithout recourse to an iterative 
procedure. It has no negative stiffneas in the power aodel. We 
therefore adopt this aodel for the present web-angle connections. 

Using the initta1 connection atiffness Rk and the ultimate 
IIOllent capacity K of the connections, the momlnt-rotation (K-9 ) 
relationship can ~e repreaented adequately by the power model fn 
the forll 

H • 

in which 

{I + ( 9 /9 ) Ii'}TTn" 
r 0 

9
0 

•• reference pIa. tic rotation 

H 
u 

- Rki 

n - shape par •• eter 

The connection stiffness Rk in Eq. (20) 18 

dH 
ji9- • 

r 

RU 

I; -; 79-
r

/9 0 )nl <n+! 5Jn 

(20) 

( 21 ) 

(22) 



and the rotation a 1, 
r 

3. EXPERIHENTAL VERIFICATIONS 
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(22) 

To verify the power aodel propo •• d here. the teata reported 
by Lipaon at al (1968) for alng1e web-aogle connectionl, and by 
Bell, Che"on and Kun.e (1958), Soalller (1969) for the double 
web-aogle connectiona are used. Adding the lubroutlne of the 
propo.ed power aode1 to the data b.s. prolrs. (Se08) developed 
previoully by Ki'hi and Chen (1986) at Purdue Unlv,raity, the 
procedure. for experimental verification. of the present aodel 
can be conducted 1n a direct and auto •• tic •• nner . 

Pllurel 1 and 8 .how the co.parl.on of telt reault. with 
predicted inltlal connectioD stilfn ••• R I in which te.t reault. 
are ba.ed on the Xl.hl-CheD~' aod1f1ed llponeotlal H.-a

r 
curve

fitting expreaaion . The analytical reaulta agree in general with 
the experi.ental valuea. 

The co.pariaon of H-8 curvea with teatl il illuatrated by 
Fi,l. 9 and 10. Fi,ure 9 ihowl the relulta for a aingle-web con
nection with t - 0.2S" and I - S.S" . Fi,ure 10 IhowS the co.
pariaon for a double veb-a8,le connectlon aa reported by Levitt 
et al (1966). In theae fi,ure. , the experlaental reaultl are coa
pared with analytical value. b •• ed on the Xiahi-Chen', aodified 
exponential aodel (1987). polynoainal aodel pro pOled by Frye
Horria (1978) and the power aodel presented here. The analytical 
re.ult_ u.lng the pover aodel a,ree quite veIl with the experi
mental resulte. It can therefore be concluded here that the pro
pOled power aodel repre.ent. adequately the aOMent-rotation 
behavior of web-angle eonneetlon,. 

4. CONCLUS IONS 

In this paper, analytical aoaent-rotation relationshipa of 
single and double web-angle connection. are developed . The ini
tial connection .tiffne •• and the ultimate aoaent c~paeity of 
theae conneetiona are firlt deterained by .iaple analytical pro
cedure.. The three-para.eter power aodel i. then uaed to 
repre.ent the coaplete aoaent-rotation relation. hip for the.e 
connectlon.. The proposed aodel i. found to be in a good agree
aent vith available experi.ental relult •• 
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Fig. 1. Typical web-angle connections 
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during the inltlal loading 

I A PART OF ANGLE 
CONNECTED TO 

BEAM WEB 

A PART OF ANGLE rJ!-1 ""'- FRE E EDGE LINE 

CONNECTED TO COLUMN 

Fig_ 4. The .oderate thick plate modeling of web-angle 

., 



144 

PLASTIC HINGE LINE 

L 
A 

A - A SECTION 

COLUMN; FLANGE 

t Vpy 

.. ... 
~ 

:I 
c ... .. 

Fig. 5. Mechanism of the part of the angle connected 
to the column flan&e at the ultimate condition 
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: ANALYTICAL SOLUTION 

EXPERIMENTAL 
RESULTS 

• 1 = 1/ 4 " 
o : 1 = 5 / 16 " 

1 = 5 / 16 " 

Fig. 7. Initial connection stiffness ~i for 
single web-aogle connections 
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-- : ANALYTICAL SOLUTION 
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Fig. 8. Init1al connection stiffness ~1 for 
double web-angle connections 
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SINGLE WEB-ANGLE CONNECTIONS 
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Fig. 9. Comparison of 81nl1e veb-angle connection. 
vith t-O.2S11 and Ip-5.5" 
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MODELLING OF COLUMN-BASE BEHAVIOUR 

R.E. Helchers 
Department of Civil Engineering and Surveying 

The University of Newcastle 
Newcastle , N.S.W.o 2308 

AUSTRALIA 

ABSTRACT 

An overview of experimental findings for the moment-rotation behaviour 
of two-bolt, nominally IIpinned". column-bases is presented. Monotonic and 
alternative loading cases 8S well as the various parameters of interest are 
described. Baseplate thickness and bolt capacity were found to be the main 
factors contributing to connection stiffness and connection capacity. After 
the baseplate has been defo~ed due to high load!ng, the connection tends 
to behave "pinned" as assumed for subsequent lower loadings. Physical 
parameters were used to develop a mathematical model to describe the moment
rotation behaviour. For connections governed by the baseplate response, 
reasonable prediction of st1ffness and capacity up to the maximum was 
obtained. For cases governed by bolt response, the prediction was less 
satisfactory. 

INTRODUCTION 

Rules exist in many design codes and in standard texts for the 

proportioning of column-bases. Typically the parameters considered t o be 

of importance are (i) the thickness of the baseplate; (ii) its plan 

dimensions; (iii) the weld between column section and baseplate, and 

(iv) the diameter and stren~th of tbe bolts . Generally, the nature 

of the grout layer between baseplate and concrete foundation is not 

considered in design, although the strength and extent of the concrete 

foundation itself is considered. 

Interestingly , experimental results on which such recommendations are 

based are not extensive. For realistic colomn-bases subject to concentric 

loading , Bijlaard [1] gave a series of experimental results for connection 

strength , showing that the strength of the grout layer was particularly 

important. It was argued that in combination with rules derived from beam 

column connections , the strength of eccentrically loaded column-bases could 
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a1ao be calculated. However, no experimental verification appears to have 

been carried out. 

Much earlier, Salmon et .1 (2] had considered eccentrically loaded and 

nominally "fixed ll column-bases. They obtained 8 maximum strength for moment 

capacity as It.iced by the ultimate strength of the bolta. the baseplate in 

bending and the concrete in compression. They used a model based on the 

behaviour of reinforced concrete sections. The extensive yield-line patterns 

given in [1] were not yet in evidence, nor was there consideration of the 

layer. No experiments appear to have been carried out. 

More recently, Picard and Beaulieu [3] gave 8 rather similar result 

baaed on very similar reasoning. However, they also reported tests on 15 

connections in which column rotations relative to base rotations were 

recorded. As might be expected, the nomInally "fixed" connections display~d 

considerable flexibility. This was related to the elastic stiffness of the 

connections through socalled "fixid1ty factors". It was found that high 

axial loads increased the stiffness for small deformations, as alao might 

be expected. Regarding strength prediction, it was found that this was 

overestimated (sometimes grossly) relative to experimentslly observed 

capacIty. 

The stiffness properties of connections in steel frames are of importance 

for frame deflection prediction, and for stability calculations (4, 5]. It 

Is therefore somewhat surprising that for beam-column connections. for which 

quite exten&ive experimental and theoretical work has been done [6], there 

is only limited information about load-deformation behaviour useful for 

frame analysis [7, 8]. The aim of the present research activity is to try 

to provide such information also for column-bases . Most effort has thus far 

been reserved for the column-baseplate-concrete foundation interface region; 

preliminary studies are in progress for the concrete-soil interface region. 

SUMMARY OF TESTS ON "PINNED" RASE CONNECTIONS 

The results obtained from full-scale, industry representative column

base connections are described elsewhere in detail (9). The bases were 

nominally "pinned", that is , only two holding-down bolts were used, placed 

sy.metrically about the column-web and along the column minor axis. Every 

attempt was made to replicate good f~ld practice in such matters as bolt 

tightening, packing placement and grouting. The test program consisted of 
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26 tests. including 3 different column sizes (460 UB; 310 UC; 310 UB), 

baseplate thicknesses of 12, 16, 20, 25 and )0 mm and bolt sizes of H2O 

and H25. In all cases a 6 mm fillet weld was used to connect the column 

to the baseplate. 

To simulate the shims used to allgn the base during erection of the 

frame, four 20 mm steel cubes were placed under the base. 

the m1d-polntsof each baseplate edge. 

one each at 

The loading was applied to the connection through a column stub and 

lever-arm system as shown in Figure 1. This allowed the ratio moment/axial 

load to be varied between tests. 

It was found that the moment-rotation behaviour of the column-bases 

depended largely on baseplate thickness. For relatively thin baseplates. 

behaviour tended to be initially elastic and then became partly plastic. 

Eventually. strain hardening of the baseplate deformation mechanism governed 

behaviour. This is illustrated in Figure 2. The baseplates deformed either 

in the yield-line pattern of Figure 3b or 3ei the pattern of Figure 3a. 

while theoretically feasible. was not observed in the present test series. 

For thicker baseplates, overall behaviour tended to be governed more 

by bolt deformation characteristics (see Figure 4);in some cases the bolts 

fractured. 
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In summary, the following observations were made [9): 

1 . Increasing baseplate thickness markedly increased connection 

stiffness; 

2. Baseplate plan size appeared to have only a marginal effect 

on stiffness: 

3, Increased bolt size l ed to greater stiffness, and, for sufficiently 

thick baseplates. to higher maximum capacity; 

4. Increased column size for given plate size increased connection 

stiffness; 

5. I ncreased loading eccentricity led to slight increase. in 

bending stiffness and moment capacities; ., 
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6. The location and type of the packing (ahi.,) appeared t o be 

of no importance; 

1. There was lIttle evidence of grout failure, presumably because 

axial compression zone forces were nOt sufficiently large; 

8 . Prying forces were found to occur only at low loads; at high 

loads sufficient plate-grout separation had occurred to remove 

the possibility of prying action. 

H .--- 1660 _ 
p 

8
s~ 

300 

1 
H2O t- 30_ 

Rotation 

Figure 4. Typical Bolt-Dominated Response 
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Figure 5. Behaviour Under Alternating Load 



155 

One .pact-en wa. subjected to alternate loading, aee Figure S. It will 

eeen t bat tbere I, evidence of energy di •• ipation . aDd a180, at higher 

of ptraanent baseplate deformation 8uch that reversal fra. positive 

can occur under (close to) &ero applied .a.ent. 

indicates that for bases with sufficiently thin b •• eplatea the connection 

indeed behave 88 a "pin". provided sufficiently bi ah previous loading 

defor. the baseplate. 

MATHEMATICAL MODELLING 

Becauae it 1. not feasible to teat all possible design combinations 

column-base connections, it 1s appropriate to develop theoretical 

relat ionships between applied .oment H, axi.l force P and connection 

rotation e. A previous attempt (8] to do 80 for beam-column connections 

• relationship between .a.ent capacity and connection rotation 

of t he foI'll: 

H - e) .!..] 
K 

P 
+ ~ 

p 
e 

aiabt be appropriate. Here Mp is the plastic .oment capacity; 

(1) 

~1 • dH/d8 a. 8 • 0 is the initial (elastic) stiffness of the connection; 

t • dH/de .8 e •• Is the straln hardening stiffness of the connection and p 
c is I (dimenaional) "constant" found by fitting to the data. It governs 

the rate of transition from linear elastic behaviour to strlin hardening. 

Xi may be found from a consideration of the elastic deformation of 

I II components of the connection. 10 a manner a1milar to that deacribed in 

[8 J. In the present case, elastic deformation of the baseplate due to the 

bolt forcea .s veIl a. that due to the outatand of the baseplate on the 

co-prea.ion side vas modelled using a finite difference program. 

Kp va. eatt-ated by substituting the .train hardening -adulua Eat for 

£ in the cllculationa for k i relevant for the baseplate. Thi. method of 

approlch is a vel I-known technique. Deformation of the bolts va. not 

considered in this vly becau.e bolts exhibit very little. if any. straln 

hardening. Furthermore. strain hardening vas found to be as.ociated vlth 

the plate dominated flilure modes (see Figure 3). 

H wa. obtained in the usual vay froa ideal-plast ic t heory . Yield 
p "' atresses obtained from aamples rather than nomlnal values were used. 

The results obtained appear to reasonably correspond with the 
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experimentally obtained values, at lea.t for ca.es dominated by plate 
' . 6 

behaviour. For such c •• el, C m (0.1 - 0.2) x 10 ~~. Rather le88 satis-

factory 1. the correspondence between theory and experiment for Inter.edtate 

and for bolt-domlnated c •• es. Full details have been given elsewhere [IO} 

but Fi8ure 6 indicate. aoae typical results. It 1. clear that the value of 

the "constant" c appears to depend on the relative contributions of the 

baseplate and the bolte to the connection strength. 

PRACTICAL IMPLICATIONS 

N01IlnaUy "pinned" base connections of the type considered herein 

clearly do poases • .a.ent capacity. This re .. l0. the case provided the 

connection 1. not deforaed beyond elastic lta1t., ~hich vould appear 

quite likely to be the case for .uch of the life of a typical structure. 

At greater deforaation. baseplate defo~tion aay develop, depznding on the 

thicknea. of the plate. Thin platea will defor. at lower loada and hence 

will .or •• asily allow the connection to confora to it. aasumed behaviour 

mode. Thia i. illustrated by the cyclic test result of Figure 5. 

It i. possible, with a sufficiently thick baseplate and high capacity 

bolts to attain the yield point in the column compression flange, indicating 

that in aome cas.s, quite high mo_ent capacity and high stiffne.. is 

possible. The implication. for deflection (and also stability) analysis 

are obvious. What ia not 80 clear 18 the effect this might have on 

existing foundations, and ~hether this .atteTS. 

"-tIl("') 

~ 
" "" 

100 l~oE ~ 
"" -.l 

eo " " UltckMu 'l' 0 

'0 
~O •• • • 

Observed 

10 

lOxlO·l-.dl.n Rotdlon 

Figure 6. Correspondence Between Test Results and Predicted 
M - 8 Relation.hip for iests 1 - 9 
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CONCWSIONS 

An overview haa been given of teat results on nominally "plnned" base 

connections and a prelt.inary attempt at their mathematical aodelling. It 

wa. shown that such connections always have strength and stiffness in 

bending, and, in cases of thick baseplates and adequate bolta, these factors 

can be significant. However. deformation of the baseplate at higher loads 

will render the "pinned" design assumption true for subsequent relatively 

low connection rotation. The present work did not address the possible 

influence of the behaviour of the soil-foundation interaction. a matter of 

considerable importance. 
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coeponents: welds 

f'1Bure 1 
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b 

lhs1cal1y there hss to be II!Ide a ~ ~ the 0etdbt1ity of the joint j tself 

trd the fleKibil1ty of the amoct1aI _ JOint trd the ad}llalnt _. 7lWr distJrctiaJ 

together with 4 -=roooopic v1eo' of the JOint is _ .. fer the £ollc>drfllJl'frClflCh. 

By this "'y. it is s;ossible to irMJsdB8te the behav10r of the ""')' ~"" IIIBCh!InisfJ 

t:4kir8 place inside the joint by ""JlfJTlIdJlI the 1nf1uerre of joint trd cunecc1<X1. I n 

order '" tnllyze the behev10r of joint trd a>nICtJa>s. _ diI£<nnt test sen ... 

t.ere t.ni!rt:.ttka'l. as ~ in liS. 2. 

7llo!; sen ... 1 __ '" isolate the forrss _ by the _ El6fje 1ntD the joint 

trd '" stuIy this effect ~y. 

7llo!; _ 2. ptr_ <XI SJCI'OCrl.cally lDI!ded JOints. allowed for stuIy1rw the actHtiaJol 

effect: of _ """ <XI the lood introd.ctJaJ 1ntD the joint. 

7llo!; _ 3 - ' ... -itbW ... U'1S)GIIECT1cally lDI!ded joint - ..... ptrforrrsd '" stlldy the 

CDlb1ned effect of lood introciJct1<X1 _ sr-r 4Ctilw <XI the joint. 

7llo!; _ , - _cally em. in the ..... Calf4Jlr8tia> ... ser:t." 3 - ..... .roertaI<m 

'" deli ..... inEORBtia> <XI the actHtiaJol 1nf1uerre <XI Joint behev10r of IVd4l £orc«J 4Ctilw 
in the ailim. 
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fe£eriJlj 1:0 IIMOJritw __ .....-..I p.blicstU:ns [1]. (2] . (3]""", iasJed. In fig . 2 

<re r.esc ~ lind <he IIMOJritw e:pifID'<IC .... -. schem!JetClllly. 

The _ of <re resesrch {rOfpImD ..... 1:0 ano.ly.e separately the eJastic-pJastic """""

rocatim-aJr"\leS fOC' lotJd int:ro:t.ct:ioo tn:1 sheer. As repretgeIlted in fig. 3 the IIUI8lt

rotBtiaJ-all"oe G5J be detenl(ned by the followirw 4 c.hanIcter1st1c valt..IQS J 

- elastic liait IJDJB)t 

- plasdc liai.t tD::ll8Jt 

- e.l&9tic 1iIri t of rotBtioo 

- plastic JUric: of rocstioo 

R EISULTS 

8!JsiIw a1 the ~ tnJ 8 S)St81I!Jdc evalustioo. tte joint 1189 a::del1.8d in II 5tefr 

by-scep method .ttl! the nBLlt thot the e1astic-pJastic behtwior of the pint eM be 

dIB:ribed in • pertin<nt ""y. 

" 
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..-.Jyt1cal.ly the cIvrroc:teristic val ..... of the SJlr1tws for ..,y ~intJtiaI of """"" or 
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SUMMARY 

.. 

SEMI-RIGID CONNECTIONS IN FRAMES , TRUSSES AND CRIOS 

Dr.-Ing . Ch . Stutzki , Dr.-log_ J . Lopet_qui 
and 

Prof. Dr . -l og . G. Sedlacek 

L,hrltuhl tuer StahlbBu, RWTH Aachen , w. -Germany 

Several model' for the an.lyaia of non-lin.ar connection. ar. 
pr •• ented . The modele are lulteble to d •• crib. the nonlin.ar 
behaviour of connection. according to the probl... to be 
lolved . Th.a. model. are embedded in a general computer 
program for the analysi. of apace fr •••• with qeometrical and 
phYlical nonlinearity . Three examplea are pr •• ented in which 
the connection behaviour is of great influence on the global 
Itructure . 

BEAM TO COLUMN CONNECTIONS IN BRACED PRAMES 

The characteriltic property of a connection in a frame is its 
_o.ant-rotation behaviour. Por some co.monly used connections 
the M- . -curve. are given in fig . 1 in a qualitative way . Not 
only the linear flexibility , but the vhole range of the 
M-+-curve i. of importance , especially , if an ultimate limit 
analysis for the frame i. performed . 

Two influences are neglected in the commonly used atatic 
ana l yei.: 
1) The size of the connection . Ueually the adjacent membere 
are connected to an idealized node which ie the point of 
intersection of the axe. of the members. 
2 ) The flexible , nonlinear M-;-characterietic . 

With a .imple model both influence. are taken into account , 
( fiq.2). The trus. members land 2 in fiq . 2b are assumed to 
be rigid, whereas member 3 works a. a control member with an 
axial- force/elonqacion- behaviour that i. controlled by a 
given curve (fig . 2c) . If the axial force in member 3 ie N 
then the theoretical moment in joint i. M· N'c , and the 
rotation of the joint is ~ • ~1/c. 
The contrOlling curve for member 3 i. defined •• a polygon. 

l~ 
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Typical Connections and their moment- rotation

behaviour 

The value. ot the polygon are given .a input-data to the 
program , and may be derived from previous calculation. for 
the j o int behaviour or from testa . The model can be in •• rted 
into every plane or apatial tramework. 

-- -I ~ -~ ) 7,,-- -t M , 

.) b) 

41. • "·c 
., e) 

fig.2 truss model for a beam to column- connection 
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BE AH-TO-COLU MN CON NECTIONS IN SWAY FRAHES • 
The connec t ion. of s way fram •• are expo •• d to large ~om.nt. 
due t o horizontal torc.. . In multi-ba y trame. this l •• ds to 
anti •• tric action of ao.ents trom the beams to the inner 
columns (fig . 3) . Th e main r ••• o n tor the deformation of the 
Joint i. the s hear deformation ot the joint panel (fiq . 4) . 
Por this ca •• a .econd aode1 has b •• n developed . This a ode1 
consists of • truss .uba •••• bl.q. which t r ansfers the 
differential aa •• nt of the b •••• into the column (fiq . S) . -

fig . 3 : multi-bay sway frame under horizontal load 
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~ --~ 
11 -lL-

I 0 , , 
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y 

fig . 4 jOint deformation due to shear forces 

M[ Mr • 
( rigid rigid ) rigid 

h 
rig id 

control 
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axial force N, elonqation 61 

fig . 5 : truss model for a shear connection 
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Alao in this model the axial- force/elongation- beha v iour of 
the control .l •• ant i. contrOlled by • diaqc . . . The diagram 
i . de.cribed a. • polygon , and it. valu •••• y be taken fro. 
t . at r •• ult. or are derived froe a prev ious calculation for 
the sh.ar panel . The differential mo.ent in the joint i. 
M • h·N where N i. the axial force in the control el ••• nt, and 
the angle of the shea r defor •• tion ia y - AI/h . 
The model. for the aymmetrical loading and for antimatrical 
loading can • • • ily be combined , (t19 . 6) with tvo control 
element. for eymmetric moment , according to fig . 2 , and one 
control element. for the differential moment according to 
fig . 5 . 

rigid rigid 

~~:1~~~~~====::::lt~ control elements 
_ h for symmetric moments 

control element for the difference moment 

fig.6 combined model for symmetric and antimetric moments 

EXAHPLE 1 

Many calculation. and co.pari.ons with other .ethod. and te.t 
results have proved that the model i. able to .imulate the 
joine behaviour and it. influence on the total .tructure with 
good accuracy. It i ••• bedded in a computer program for apace 
frame. with geometrical and physical nonlinear beam elements . 
The analyaia i. performed incrementally with an equilibrium 
iteration in each step. Only the initial atiffness matrix ie 
used . according to the iteration method of orthogonal 
load-deformation-.tate. 12 I . It i. not nece •• ary to form a 
tangent stiffne.s , neither for the beam element. nor for the 
jOlnt stiffn... . Aa an e~ample for the application a small 
study i. presented on the influence of different connection 
type. on the ultimate limit state of a plane frame (fi9.1). 
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BOLTED CONNECTIONS IN TRUSS MEMBERS OF TRANS MIS SION TOWERS 

Investigating the consequences of irregular foundation 
settlement of transmission towers, one ends up with axial 
forces in some truss diagonals which are much higher than the 
failure load of the •• diagonals. This i. the result, it a 
linear analysis is performed with one of the commonly used 
computer programmes. However failure has not been observed . 
even ~f settlements of two or 80me more centimeters occur~ 
The 'intelligence' of the real structure and some second order 
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effects provide .o~e additional •• tety which i. not taken into 
Account in a linear atatic analyaia. 
~ tru.. model , taking into account bolt 811pping (fig.8), ha. 
been used to investigate the influence of this conneetion 
behaviour on the distribution of internal forc •• , if in 
addition to the regular loading, foundation •• ttl •• ant occurs. 
The behaviour of the tru •• element i. linear, until the value 
of friction R~i8 reached , then slipping may take place , until 
the po •• ible sliding distance, due to toleranc •• betwe.n bolt 
and hole, is reached. From then onwards, lin.ar behaviour is 
•• sumed again . A complete tower (tlg.9 shov . the lover part 
of itJ ha. been analy •• d, using the described model, wi th 
varying value. for friction and .lidin9 di.tance. 
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In fiq . l0 the axial forces of three diagonal members are 
plotted againet the foundation .ettlement . The d •• hed lin •• 
are the result of a linear analysis , the full line. are the 
result of • nonlinear analysia, u8ing mean value. of bolt 
slipping of 1 mm. Thi. reault ia only capable of shoving a 
tendency in the distribution of internal force. , not the real 
forces , becaua. the e xact occura nce of bolt slipping and 
friction in each joint i. unknown . However it can be seen 
clearly that the forces that are calculated with bolt slipping 
are much lower than the linearily calculated one8, Yhich give. 
a good interpretation of the observed effect (that no failure 
occurs) . 
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COUP~INGS IN A PONTOON BRIDGE 

Pontoon bridge. eonaiat of floatable , qua.i-rigid box.. of 
at •• l that can be connected to each other quickly and without 
much effort . This •• an. a kind of construction that i. simple 
t o ha ndle eve n in r o u g h •• • conditions . Por these re •• ona the 
connection •• chani •• haa large tolaranc •• in order to achieve 
a quiek ••• embl_ge . The atatic analyaia of this type of 
atructure ia complicated contrary to the aimplicity of it. 
construction , becau.. the defor.ation bahaviour of the 
coupling. determine a the global behaviour of the bridge during 
the cro •• ing of a vehicle . 
The connection behaviour i. 
aoment-rotation b e ha v iour 

repre.ented 
bilinear: 

1n 
for 

f1g.11 . Th. 
8mall relative 

rotation. of t wo pontoon. the connection b.hav •• like a hinqe , 
and for large rotations the connection i. rigid. A .imple 
_odel ha. been de veloped to simulate this t y pe of coupling 
(fiq . 12) . The shear force can be tranamitted by two rig1d 
me~bers, connec t ed by a hinge . The bendi ng moment 1, 
tranaaitted by a control member which behavea according to the 
diagram in fig . lIb . depending on the relative rotation 

coupling l pontoon! water surface 

~--,H=========R : SZ 

pontoon 

c 1 

fig.11 coupling of pontoons 

rigid rigid 
o • • 

~ c 

\ 
control 

~ 
\ 

=t?=-<r . 6; ;> 

member 

-
fig _ 12 model for the coupling 

fig. 13 : -, 

parameter 

II 

II 

0-6+0 

controlled 

6+ 

gap 
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The equilibriua iteration for the complete atrueture is 
very difficult, .apecially for l~~ loading , beca u •• an y 
for •• ight of the defor_.tiona aay l.ad to cOMpletely wrong 
r •• ulta it they are extrapolated frOM a poaition with hing •• 
to • final poaition where the connectiona are rigid. In order 
to overcome this difficulty in the analyaia , the 
incrementation ia pertormed not in the load , but i n th_ 
tolerance 6+. _ of the coupling. , with. atepwi.. incr ••• e ot 
the tactor D(. (fig . l) frolll 0 to 1 . With this kind of 
procedure calculation. with very large 98P. are po •• ible . 

NONLINEAR PROCEDURE 
The actual beha v iour of • nonlin.ar ayate. i. not deacribed by 
• tangent Itiftn ••• matrix but by 80 called load- deformation 
atatea /4/ . A loa d-detorlilation-.tate conaiata ot a detormation 
incre.ent Vo and ot the ditterence at the reaction force. 
betore and atter the application of the incre.entl deformation 
vi' that i.: R(v. + v~) - Rev. ) (v.i. the total detorlilation 

ot a previous atep) . The reaction torcea can ea.ily b. 
deter.ined applying the previou.ly deacribed conatitutional 
lawa with the detor.ation as argu.ent . 
The complete nonlinear behaviour of the ayate. i. de.cribed by 
a .et of orthogonal load- detormation- .tate. which are 
generated in the cour.e of the iteration . The y form a kind of 
a .ubapace and ha v e to be tree of contradiction. in order to 
a1mulate the tangent .titfn.... Therefore the iteration i • 
• topped and .tarted again if the .ystem is changing its 
characteri.tic. luddenly, becau.e otherwise contradictory 
load- defor.ation- atate. would re.ult . 
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FLEXl'lILITY FORMt!LAE AND "'ODET.LING OF JOINT BElIAVIO!'? 
IN GIRDE?S MADE OF RECTM'Gl'LAR HOLLOW SECTIONS 

ft . Czechowski , J . Kord j ek, .T. Br~dka 

Metal Structures Feseerch 
and Design Centre "Mostostal" 

Krucza 1F/22, oo-o2F ~arsaw, Polen1 

A'3STPACT 

This ~aper deels with the flexibility uroble~ of steooed 
h nequal width) ~oints in RHS girders . Fir.t of ell modes -
of flexibility for different j Oints are defined with relevant 
elastic formulae being established. Then it is .hown how those 
linear characteristics can be extended into non-linear range 
of joint behaviour. So~e comparison with te.t results is also 
given. Having known ( calculated) joint flexibility one can take 
it into account in the structural analysis by using so-called 
~icro-bar model of a j Oint. 

INTllOT)l fCTION 

In last 15 years 8 Iprge erount ot research, stimulated 
and co-ordinated ~ainly by CI ':'ECT and I rw , has been done in the 
domain of Il"S joints (1 J. Also in Poland, in ""OSTOSTAL" CentN\ 
an exter.sive research 9rogra~Me ~s been carried out, Inclurttng 
tests on isolated j oints [7 - 4) , as well as on comulete trus
ses (6J and, recently. Vierendeel girders. 

Sirce t " e ~oint strength itself is not the only aspect of 
t he st~)ctural behaviour , so~e ~art ot investigations has been 
concerned with t he oroblem of joint flexibility and adequate 
calculation l'!"or:J.el . I t should be mentioned here , that relative
ly 5J"'1811 ntl l'"ber of oa"ers exis-=t in which this yarticular prob
le~ is undertaken, although its imulicetions are oractically 
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1~ortant and i n general must not be i gnorert i n rtes igr . 
The sub ject of further considerations are unreinforced 

truss and moment j oints (Fig. 1 ) cons i sting of RHS members di
rectly welded together , in whi ch bracing - to - chord (or bea m 
_ to - column ) width rati o is equal or less t han 0 . 8. Such 

-- .¥.- - -

bi h· 9 h ~=- i '1 = .' \ t =- ifl . !..!l1.. 
b, boson 9; bo IfZ b, 

Figure 1 . RHS joints - geometrical ?a~meters 

j oints have to be treated as flexible ones, otherwise than r i c 
gid or semi - r i gid connections in conventional stee~Tk 
systeMs . 

ET...ASTIC Fl.E7IllILITY FOR 'IT. AE 

In order t o .. aKe t he te~ "flexibll it:'" mo re urec i .ell' 
comp rehended, regarding actlll!l defamations of ,ioints, t hree 

bas ic ~o~ es of flexib i l ity Are s ryeciften (see Fi~ . 2 1 : 
A _ translational (typ i cal f or axiallv laanen ~ and X -

~oints .l , 

B - antttranslationel; uush - p oo n Plech. "i.", ( t),,>ical for 
t~JSS j oi nts with relati vely big g.~ between ~rac ings~ 
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0) b) 

----,~~Pd-r-~ -1---, =-1-~~~""--

Figure 2. Modes of flexibility 

C - rotational (typical for moment T an~ X - jOints, as 
well as for overlap truss joints) . 

The above mentioned flexibility cases have then been sol
ved analytically. The analytical approach accepted for thls 
purpose can b@ characterized, es follo~: 

a) Chord face is considered first as to be e .imply sup
ported strip plate, loaded by onp. or two rigid hol)nw punches 
(bracing members), acting translationally or rot8tlon~l1y 
respectively; 

b) Actual continou. plate - punch interaction i. renl8ced 
by a discrete one, existing in a definite number of pOints 
(supports) along the punch perimeter (see Fig. 28); 

c) Using Green"s function for a strip plate ~eflection 
problem It system of linear equetions is establ ished, where lIn

knowns are reactions 1n points of contact. This procedure 1s 
to be repeated for each new set of contact pOints coordinates; 

d) Solution of the above mentioned equations enables a 
characteristic deflection due to !i unit load to be determined; 

e) Since the chord face is not simply supported, but is ., 
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TAllLE •. 1 

Blastic flexibility fom\1lae for WlS joints 10,4 ~ /!> ~ O, S) 

Defor-
Flex ibility - for mula"'" mot ion Loading Remarks 

<PA - translational see FIg.2a) 

b2 
w" = 1-10,91--yP; ) wo= f i 1f.>,!).o)·WAlf.» Et3 xNsine 

0 

Ps - anti translationa I see Rg.2b) 

b2 ws-w,,·r /To "wA 
Wo= fi 10, '1 ). (,)s 1j),T) # x N sine t&,,-:r.;' 0 

<I>c -rotational see Rg.2c) 
----------------

<PCltit 

Il~- 2wo= fi 10, '1.0}· Ulcl~,'l.} . fl: ~ij xM 
wc~wA/11-(k-1}~ 

'l·bo k = rr. / f.>~ 1 

<PaN)= 

wN=l>«7 = fi 1/!>,fJ.J· UlcI~,'1} ' '1.,jt~ x N sine 

<I>s ( 
translational-

see Rg.S - rotationa I 

f'<N-w,..SWNC' (%c + %sl xN sine 

<I> - '1.,2 (¢a 2r <p 1 
NS - '1'2- 1' - f1.'2+ r aN) 

for r= 0 

11 - 1 (1) '112+ r <Pel NC - '1'2-1' fb2 ON)--2-
%!! 0 j cfNt ~a~ 

*/ fi - f, =0,2S·llrlo+M/ 11+M - for one side joints 

Ii = 12 =1, I 1+0.0,/r..) -for two side Joints 

E - Young's modulus 

tOlbo- chord wall thickness and width 
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!'estrained at the edges by ad jacent waUs, a frame analogy has 
been used to take this effect into account by introducing a 
correction tactor. 

After having obtained the solutions for different joint 
parameters approximate flexibility func~ions of those dimens
ionless parameters were established. Final elastic flexibili
ty formulae for truss and moment jointa are presented in Table 
1. There is also included a translational - rotational flexi
bility typical for gap truss j01nts. This formula consisting 
of two flexibility components is based on the assumption, t hat 
inner deflection is proportional to ant1translstional flexibi
lity, whereas the outer one is proportional to rotational fle
xibil1 ty of a K - joint treated as a T - moment joint ("' ... "l.1l). 
Thus both flexibility components can be consequently determi
ned. 

NON - LINEAR BEHAVIOUR 

This problem is closely associated with elastia and ulti
mate strength, thus with so - called plastic reserve, which 
being a difference between those two limits, is a specific 
measure of joint flexibility. In this sense rigid connections 
exhibit relatively low plastic reserve, whereas joints of low 
stiffness show a remarkable post - yield behaviour. Many dif
ferent geometrical, material and technological factors make 
the problam of joint behaviour including strength very complex 
and extremely difficult to be solved analytically, although 
soma attempts using finite element method are known (5]. 
Nevertheless even such an apparently accurate approach need to 
be experimentaly verified. 

In this paper a semi - empirical approach is proposed. 
Elastic (linear) load - deformation relationship can be extend-

led into non - linear range of behaviour provided that the ul
timate strength and the "yield - line" load capacity of a join~ 
are known. Non - linear secant stiffness formula is given in 
Fig. 3 and compared with experimentally observed T - joint be
haviour in Vierendeel girder.' A fairly good correlation is ob
tained for exponent n • 2. For other joints exponent n may be 
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Figure 3. M - b(f relationship for a moment joint. Non - li

near stiffness fonnula compared with experimantal data 

different. 

MICRO - BAR MJDEL OF A JOINT 

Atter having determined joint flexibility the problem is 
how to take it into account in statical analysis of a whole 
structure. For this purpose a micro - bar model of a joint has 
been devised. The idea of this model is illustrated using a 
general example of a gap truss joint with translational - ro
tational flexibility. Respective componenta of flexibility 
are taken into account by adequate reducing cross - section 
area of bracing membera (see Fig. 4) and by introducing a sys
tem of micro - bara which is "responsible" for rotation only 
(see Fig. 5). 

In contradistinction to conventional systems with pin -
ended or rigidly connected members , that one involving micro -
bar models of flexible joints may be called "second order ay-
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, Nsln8 

Figure 4. Equivalent cross - section area ot a bracing member 
reduced due to translational flexibility ot joints 

C _'_'_' -_'..A;---liL.....-_----A._...&..._"""""'_,... 2;4\.c 
" 

Figure 5. Micro - bar model of a gap truss joint with transla
tional - rotational flexibility 



182 

system". 
A comparison with test results has indicated [6], that se

cond order system is an adequate calculation model for lattice 
girders, particularly for ststically indeterminant structure •• 

CONCLUDING REMARKS 

Flexibility formulae end calculation model presented in 
this paper can be directly used in the analysis and design of 
RHS girders. with flexible jOints. This approach enables some 
specific aspects of the atructural behaViour, concerning de
tlections, secondary bending moments, stability of bracing 
mambers, t~ be examined and realistically evaluated. 
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DISCUSSION 
2l 

'1ATIfOOttCAI tfOprt.U!q PAPtHS 

The primary thrust of the paper. of this •••• ion wa. that compl.te 
(- global) connection modeling for b.haviour and strength Day be the 
pr.ferable method, in the long run. Although it present. numerou. 
difficultie., as pointed out by several participant., e.p.cially in the 
num.rical treatment of elasto-pla.tic phenomena that al.o .ay involve 
.train-hardening, it viII clearly make if ea.ier to apply .emi-rigid 
concept. to frame analy.e. if the compl.te aoment-rotation curve. for the 
connection. are .pecified. 

Several di.cu..er. addre •• ed the problema that are a •• ociated vith 
contact proble.. of the kind that commonly occur in column footing and 
and-plate connection. . Vbeth.r epecial finite ele.ent type. were u.ed for 
this (for .xampl., with zero .tiffne.. after contact 1. lo.t, but 
regaining it if cyclic loads force a ra-contact), or non-linearly ala.tic 
.pring. v.r. utilized, the end re.ult appeared to be good correlation 
b.tween t •• t. and theory. The.e technique. were alao applied to reflect 
prying action for bolt., as veIl a. friction and the 10 •• of .ame for 
.lip-r •• i.tant connectiona. 

Although it va. agreed that it vould be preferable to utilize 
overall connection response characteristics in the frame re.pon •• 
analy.i., it would still be necessary to det.rmine the priaary re.pon.e 
parameter., in the fashion a. indicated by the local analy.i ••••• ion . 
Specifically , initial .tiffnes. and ultimate .tr.ngth data must be 
deterained very carefully . 

The effect. of cyclic loading vere discu..ed by a number of 
contributors . The proble .. are particularly co~lex if full load rever.al 
occur., both in teras of the needa of the DOdeling sche •• a. v.ll a. 
tho •• of the eventual application to frame analy.i. it •• lf . 

Several que.tions vere raised regarding the evaluation of column 
footing. and their performance . Thus, structural details such a. ba •• 
plate to concrete foundation separation were considered, as were anchor 
bolt., grout and the like. However, there appeared to be general 
agreement that this i. one area of connection re.earch that is in ne.d of 
significant additional studies. 

"' 
Kany of the discussers empha.ized the need for conc.ntrating on 
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connections that are commonly used In industry. For ax •• ple , North 
American practice for aany types of cbnn.ctions now involves the use of 
.lotted hoI •• , to facilitate the erection work . It Is clear that such 
will have. significant impact on the moment · rotatlon characteristics, at 
l ••• t following the first load rever •• l or after bolt slip has taken 
place. 

Overall , the many global connection aodels that have been developed 
appear to hold excellent promise for more general applications to 
connection analysis . The need for being able to assess the importance of 
the various physical detatls was str •••• d by .11 presenters as well a. 
di,eu ••• r • . 
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ABSTRACT 

Kodern design codes allow the design of structures to be based on the 
actual load deformation characteristic of connections. In this paper a 
classification of connections is proposed. Essential is that the 
classification depends on the design method of the connection e.g. elastic 
method versus plastic method. It is necessary that designers are able to 
determine the K-P characteristics of connections. Brief information is 
given on available connection test data. These data are essential to 
develop analytical models to be used in design calculations. Two possible 
approaches for the determination of such models are discussed . 

INTRODUCTION 

In structural steelwork the connections between members play an 

importan t role, From an economic point of view the costs for design and 

fabrication form a considerable part of the total costs . From a structural 

point of view the properties of the connections fundamentally influence the 

response of the structure to actions . In the past. when 'working stress' 

design was normally used, the connection design was based on rather simple 

though not necessarily economical assumptions. 

The connections were assumed to behave either as hinges (s imple 

construction) or as infinitely stiff (rigid construction). The forces on 

the connections then followed from an elastic analysis of the structure 
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such as end and and The parel of ehe connectiona 

bolts, could subsequently be dlmensloned. Even nov chi. 

s.e~ 

limit 

to b. used in the sajority of cases. However. the 

.tate d.lisn. including practical rule. for pIa. tic 

design procedure 

introduction of 

desIgn, requires 

• more re.listic tr •• t.ent of the connectiona . When ulio, the.. methods , 

the designer 1s confronted directly with the ract that for a better insight 

into topics such a. the stability of columns and fram •• and for a minimum 

cost design of member . and connections, understanding of the behaviour of 

connections 1, •••• ntlal . 

Another ractor 1. that modern computer program., now available to the 

majority of designer., allow. more sophisticated tr.atment of connections 

without an appreciable increase in calculation cost •. Finally, al.o the use 

of automatic NC drilling and .awing equipment in the fabricators shop 

influence. the cost relationship between various for.s of connections . 

leading to a n •• d to .inimise the nuaber of welded stiffeners. 

Hodern de.ign codes e.g . Draft Eurocode 3, allow the design of the 

structure to be based on the actual load-deforaation characteristics of the 

connectiona . It is of course essential that designers are able to determine 

those characteristics, preferably in the form of a .. the .. ticat model. The 

available information on this point will be reviewed in an IABSE-report 

that 1. under preparation now [I}. It is drafted in liai.on with EeeS-TUG 

8.2 and should be considered as complementary to (2) d.aling vith analysis 

and d.aign of at.el frames. 

This paper, 

introduction to (1) 

to b. presented at the "CACHAN-WORKSHOP' 

and is aimed to collect the lateat information. 

DEFINITION OF PROPERTIES or JOINTS 

is an 

A steel fr.~e. whether considered as a plane or spatial .tructural system. 

essentially consist. of linear members joined together by connections 

(Fig . 1). 

IIIIII 

I I I I 

n ~ ~ ~ ~ ~ 

Figure 1 . Combination of linear members and connections in a 

plane structural system. 
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The response of the 5YSt •• to actLops (load.) 1. in 8enaral Lnfluenced 

by the structural propertLes of both members and connections . The relevant 

properties of these elements are strength, stLffotl' and dpform.tion 

capacity (ductility) . Assuming for the present that bendln, is do~LnAnt • 

• 11 three parameters can be presented in a .oment -rotatLon (curvature) 

dIagram of the type illustrated qualitatively 1n Fig . 2 . 
mom,nt 

strength 

defor mation capa clt r oU tlon 

Figure 2. Pres.ntation of structural par ... t.r in a H-9 curve . 

The properties of • aember with parte in compres.lon are dependent 

upon •• ction ,eo .. try and the yIeld atr ••• of the st •• l •• ln1y due to the 

.ffect of local buckling. 

In most cod.. the different type. of cross-section are classified 

dependent on their re.pective aOment-rotation properti •• . This procedure i. 

used because no practical methoda are available to determine the actual H-9 

relation for .ach individual member which can be us.d in a simplified 

duign . 

Depending on the class of the cro •• ·.ection (form of K-P relation : see 

Fig . 3) different Mnalysis models may be used. 

Idea l BehaV ior 

Compact 
ICI ... 2) Plast iC 

Otsign 
Section 
ICI ... 11 

'-~=~!L-______ ~ • 

Figure 3. Load-deflection relationship •. 
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As an example the possibilities for ultimate limit state verifica tion 

according to the Draft Eurocode 3 are given in Table 1 . 

Class of member Capacity of cross-section Analysis of system 

Class 1 plastic plastic 
Class 2 plastic elastic 
Class 3 elastic elast i c 
Class 4 reduced stress or elas t ic 

effective section 

TABLE 1 

The structural properties of connections can also be present ed in a 

H-P diagram . In Fi g . 4 a set of H-P curves for connections with d i f f erent 

types of behaviour 1s shown . 

M 

Mp of th~ 

beam 

o 

Full 
strength 
JOlOts 

Plrtlat 
st reng t h 
Jo int s 

• 
Fl1ure 4 , HOllent - rotation curves of beam-to -column connec tions . 

For the use of plastic design the connections can be class i f i ed i n t he 

fo l lowing categories : 

Nominally Pinned Connections 

This t.ype of connect.ions 1s designed to transfer shear and normal 

force only . Th. rotation capacity of the hinge should be sufficient to 

enable all the plastic hinges necessary for the collapse mechanism to , 
develop . 
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full Str.nltb COOD,'tloo. (eonnectlqna A and B in Ft, . 4) 

The moaent capacity I, greater than that of the .ember. A plastic 

hinge will not be for.ed in the connection but in tbe me.ber adjacent to 

the conn.ction . In theory no rotation capacity 1. required for the 

connection. If the connection has little deformation capacity (connection 

S) an extra r •• erve of strength should be required to account for possible 

overstr.ngth effects in the member. 

rarti.l Strength Connections (connections C, D and E in Fig. 4» 

The moment capacity Is less than that of the memb.r . A plastic hinge 

will b. formed in the connection, so aufficient rotation capaciey 1s 

required . For this re •• on connection C is unsuitable. Curv. E is typical 

for • bolted b.aring type connection, showing slip due to the clearance of 

the holes . For a detailed treae.ent of the require.ents, reference is made 

to [3 J . This explains how, especially when using partial strength 

connectiona in plastic design, information on .11 three parameters of the 

M·9 relation is required . 

In elastic design traditionally two categories of connections were 

considered : 

Nominally Pinned Connections (Fig . 5) 

The connections are assu.ed to transfer only the end reaction of the 

beam (vertical she.r force and eventually normal force) to the column . 

short 
end platt 
(header platt ' 

/ 
w.b 
cleat s 

Figure 5 . Nominally pinned connection. 

I 

They should be capable of accepting the resulting rotation without 

developing significant moments, which might adversely affect the stability 

of the column. In .any countries it is common practice to design structures 

on a simply supported basis and then to provide connections which are in 

effect s .mi·rlgid . A typical example is the flush end plate detail shown in 

Fig . 6 . This may be unsafe due to insufficient rotation capacity of the 

connection. 
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i 
I 

Figure 6, Flush end place conneec1on. 

Rigid connectioDs (Fig. 7) 

Rigid connections are used to transfer moments as well as end 

reactions. Design assumes joint deformation to be sufficiently small 

(stiffness large) that any influence on the moment distribution and the 

structure's deformation may be neglected. 

Figure 7. Rigid connections 

Practical realisation of the assumptions of rigid 

lead. to relatively expensive connection details. 

stiffness Is not required for stability reasons (e.g. 

construction often 

Thus in cases where 

in 

~e use of nominally pinned connections Is usual. However, 

braced frames), 

practical forms 

of this type will transfer some moments and contribute to the structural 

stiffness . On the other hand, rigid connections can be simplified and made 

less expensive by the omission of stiffeners and other parts and accepting 

some flexibility. To fill the gap between pinned and rigid connections, a 

third category i_ defined and accepted in most modern codes. 

Semi Rigid C,eai flexible) Connection. (Fig . 8) 

These connections are designed to provide a predictable degree of 

interaction between members based on actual or standardized design K-P 

characteristics of the joints. 

-, 
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-
, I 

I 

I 

-
top and nat angle connection end·ptate connection 

Figure 8. 5 •• 1 rlgld . (seml flexible) connections . 

In conclusion it s.e.s to b. evident that thar. I. a need to present 

information the on K-9 relations of joints In a form which can be readily 

us.d by d •• igners . 

CONNECTION TEST DATA 

D •• l&" .odel. for the H-9 relation of connections can only b. b •• ed on 

• sy.ca .. tic evaluation of test infor.&tion . Recently prepared survey'. 

[ 4, S, 6J of availabl. test data for connections between beams and columns 

per.it the existence of suitable information on particular connection type. 

co be checked. 

Of duch importance Is the Steel Connection Data Sank (SCDB) at Purdue 

University (71 . Digitised versions of over 300 experimentally obtained M·p 
curve. covering 1 different connection type., are .tored in the computer . 

The telt. in this collection are mainly from lources published in the USA, 

Canada and the UK. On the European continent al.o much test information is 

available, e.g. [8, 9, 10, 11). These tests are nov collected in the 

framework of the Eurocode·work and will be stored in a data bale at the 

Univerlity of Aachen. Combination and exchange of these two data bases is 

reco_ended . 

ANALYTICAL KETHODS FOR nlE DESCRIPTION OF nlE H-P RElATION 

Inclusion of connection flexibility into the analYli, of the behaviour 

of .e.bera or complete frames require. that K·p relations for the 

connectiona are available to the designer in a suitable aathe.atical 

foraat . 

Tvo essentially different approaches are po •• ible: 

i . An analytical model i. developed to repre.ent the H·9 relation found 

by telt. on a specific connection a. closaly a. po.aible. Strictly speaking 
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for use of this method test results should b. availabl. f or every 

connectlon to be used In the actual structure . 

OIUI..( )0 IMUS CCtKcrlCIN 
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figure 9 . Analytical model to represent the M·p relation {1 1 

11. An approximate method based on linearization of the K·p relation , This 

approach offers the possibility to develop semi·emperlcal models for t he 

calculation of the relevant parameters of the schematlzed K·p relation . An 

example of such. linearisation is given in Fig . 10. 

c • E 
o 
E My 

--- ,xperimental 
____ lintaristd 

M· ct>r,\at lon 

L .l.O.:.::.:..::.:.:.=--------_L--;ro ta tlon 
deforma tlon capA city 

Figure 10. Linearised X·p relation 

Formulae for the calculation of the moment capacicy Hv are already included 

in Drafc Eurocode 3. Formulae for the determination of the stiffness are 

also available for a number of connection types and will be included in an 

appendix of the revised Ee3. For braced frames and floor beams requirements , 
for the rotation capacity can easily be determined . For those applications 

a classification method as used for members can be applied . For unbracec 
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frames the required rotation capacity cpn not simply be determined 1n a 

general way and needs to be calculated 1n each individual case. So for use 

in unbraced frames formulae for the calculation of the minimum available 

rotation capacity should also become avail.bl •. Work is underway to develop 

these formulae. 
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ABSTRACT 

The objective of the present Sheffield prograsa. 11 the developaent of 
I full understanding of the behaviour of steel fr.a.s leadino to desl0n 
approaches that recognise the seai-rigid natur e of steelwork connections . 
It has therefore .abraced in-plane testing of connections, restrained 
coluaos In subasseablages and coaplete frames. a. well IS I •• ociated 
theoretlcal studle.. As a result of this co-ordinated approach . a nuaber 
of points bave ea.rged concernlDg the conduct of K-t tests. wbich could 
not necessarily bave been foreseen, nor would they have shown up ln • 
progr ... e of J01Dt tests only. 

I ITIODUCTION 

1 proJect bas been co.pleted at Sheffield University to provlde 
experlaental data on the behaviour of coluans and fra.es reltralned by 
siaple be.~ to column connections. The work has involved te.ting • serles 
of joints to deteraine thei r in-plane rotational res ponse, a nuaber of 
restr.loed coluans and t wo large three-storey t wo-bay fra.e.. The aetlon 
of the JOlnts in the eoluan and fraae tests was .oni t ored and co.pared with 
the lsolated JOlnt tests. Some lDteresting points concernlDg the actlon of 
jOlnts io fr.aes aDd the lapllcations'for conducting joint tests have 
eaerged. 
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JOIIT TESTS 

All Indlvldual jOlnt tests {I] were conducted wlth the speclflc 
obJectlve of provldlng M-' data for use later 1n the progr ••• e. A 
cruclfor. arrangeaent was used w1tb dlrect loadlng on the lnternal coluan. 
Rotatlons were aeasured by a set of 3 T-bacs attached to the speClaen on 
tbe (oluan centre llne and the beaa centre llnes as near to the connectlon 
as posslble - noraally withln 100... By aonltoclng the change In length 
of the Wlres attached to these bars, It vas posslble to detecalne the 
relatlve rotation within each JOlnt. Such an arrangeaent could not , of 
course, aelsure the contrlbutions to thls cotatlon due to the dlfferent 
sources of fleXlblllty within the Joint , aerely the overall effect. 

The saae llght coluan and beam sectlons featured 1n all JOlnt tests 
vere subsequently used 1n the subasseablage and fraae tests. A total of 25 
tests, 8 of whlch included varlOUS types of dellberate lack of flt (2] , 
vece conducted. Each test dld , of course , provlde tvo "-t curves . one for 
each slde of the speciaen and an lllustrat1ve result IS glven as Flg 1. 

JT/.ItIJr 
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Aotl tlon r .d lw / tOOO 1101 

flgure 1. Moaent-rotation curve froa flange cleat JOlnt test. 
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In soae case. a ll.lted nu.ber of unloading cycles were Included 1n order 
to provide data on the unload1ng stiffness characteristic. of the jOint •. 
The aaln variable In tbe programme was the type of connection - ~eb cleat. 
flange cleat. end plate etc - with several of the JOint. fixed to the 
coluan web. Fl9 2 su .. arlses the co.plett set of K-' dlta In tbe [ora of 
average K-I curves for each connection type. 

, .......... hto . .. 

,.. ......... 10., 1t .. ~·1IkN. 

....... t cltet , 111 

... cl"t , . 

~--~~';'~""~::::::~::::~i::::::i~O:::::i~::::::i4::::~i6:::::I:"::~ 
RIItlHon radilfls/tooo 

rlgure 2. Collection of moment-rotation curves for varlOUS connections . 

COKJECTION BEHAVIOUR IN FlAKE AND SUB1SSEKBLACE TESTS 

The pertor.ance of the connections In the fraae and sub.,se.bllge 
t~sts VIS recorded. In tbe fraae tests the bendIng produced in s.al l 
sprIng ste.l st rIps . supportIng heavy duabells and secured to the bea •• and 
coluans. AS a result of rotatIon fro~ the vertICAl was .onltored (3}. A 
co.plete set of "-t curves for the JOInts In the fra.es WA S thus obtaIned. 
The s'JbuSt:2Iblaqe tests [ 4} were conducted In the hOrlzontal plane and 
th~refor~ &ethods of aeasurlng rotatloD WhICh rely on the effect of graVIty 
could not be used Llalted access restrIcted the nuaber ot locatIons whlch 
could be .onltored In the saae way as the JOInt tests and A le.s 
satis(Jc tory ae lhod uSlnq two LVDT's to record the relatIve locatIon of the 
bea~ and column was adopted. A complete, reliable set of M-t cur ves for 
all tests !Il the subassemblaqe serIes 15 unfortunately not available. 
Th~r~fore a complete comparIson betreen JOInt subasseeblaoe and fr •• e 
:lehavICl 'lr S flO': pOSSible. 
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Flgure J coapares H-. curves tor notionally similar connections - top 
and botto. cleats with the same bea. and-coluan size, cleat size, bolt S1ze 
and arrangement ~nd bolt tigbtness - obtained from Isolated JOlot testing • 
• sub.s.e.bllge test and a fraae test. The general tora of each curve 15 
very slai1ar wlth the variation being approxia.tely the saae as tbat 
observed betweeo repeat Isolated joint tests. ThiS suggests tbat the "-. 
characteristics aeasured in tbe basic joint tests provide ao acceptable 
aeasure of tbe bebaviour of similar connections when functloDlng as part of 
• fruevork . 

• 
~ 

I 
....... SIIoothld Illnt tilt 

>--< U .... Ch .. tnt 

0-0 Joint tnt 

....... Fr .. tilt 

• 5 • 10 " RahUIn r.dlll1l/toao 

Flgure 3. Flange cleat aoment-rotatlon behavlour In 
isolated tests, subassemblages and trames. 

" 

Co.parlsons ot the subasseablage Ind traae tests wlth flnlte eleaent 
fraae analysls prograa.es [5, 6) capable of includlng seal-rlgld 
connectlons showed good correspondence between the pred1cted and actual 
response. Flg 4 11lustrates the load deflectlon behavlour of a beaa In 
fr~e I as measured In the test and predlcted by the analYSIS program. 
Also shovn 1n Flg 4 are the calculated deflectlons assumlng the beaa to be 
plnned at lts supports. A reductlon In deflectlon at serV1ce load of 25\ 
of the s1aply supported estleate 15 eVldent. TMe analysls vas conducted 
uSlng an apprOXlaate M-' curve conslsting of tlve stralght lines closely 
fltted to the M-t curve obtained from the joint test - see FlO 5. 
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0--0 Tnt rflVltl 
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Figure 4. Beaa deflection for test fraae 1. 
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Figure S. ApproXlaation of moment-rotation curve tor analYlis. 
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It appears that the analysIs IS not ov~rly sensitive to the exact M-' curve 
uled since soae slight varlatlon of the pertor.ance of Individual 
connection. arouod the tra •• fro. tbe )Olnt test behaviour VI. eVident -
.ee figures 6 and 7. TblS WIS also suggested by the authors of the progr •• 
after undertaking a study of tbe sensltlvlty of the co_puter aode1 to the 
ou.ber of straight lloes reqUired to slaul.te a .o~ent-rotatlon curve. In 
.aoy Clles a ttl-linear representation proved to be adequate (6). 
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Flgure 6. Location of Joints. 
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floure 1. Behaviour of jOints in t raa. tel t 1. 
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LESSONS FOR M- t TESTIIG DRlYJ FlOft YRAKI STUDIES 

The eXistence ot & data base ot the pertor.ance ot variOus tor., ot 
structural fr •• lng e.plOYlng seal-rigId connection. per.Its infar •• tton on 
connection behaViour to be extracted that can assist In the conduct of 
future jOint "-0 tests. Probably the .ost i.port.nt ltea IS the level of 
rotltloD likely to be experienced by the connections IS the structure 
attains Its uItl.ate load. The experience of the present work, wb lCb IS 
llalted to non-swlY fr •• es under static loading, II that tbese are 
generally tar less than the range of rotations nor •• lly covered by 
published ft -I dlta. In this context It IS l.portlnt to Identify the type 
of co.ponent under consideration; axially loaded coluans attain their 
ultl.ate load WIth very lIttle end rotation - typically of the order of 
0.005 radIans. vhereas beaas provided with comparatively flexible 
connectIons say reqUIre end rotations of 0.02 radian.; coluan. under 
prlaary bendIng e.g . due to unbalanced beaa load. fall somewhere between 
tbese two extreaes. 

If FIg 2 is re-exaalned In the lIght of these requireaents. It l' 
clear that tbe aost laportant part of the K-I curve i. the early section. 
often tbe IDltlal slope before the regloD correspondIng to JOInt softenIng. 
It 1. therefore VItal that the aeasuring systea. for rotatIons are both 
.ufflclently senSItIve aDd are saapled suffiCIently frequently during the 
InItIal stages of testIng that thIS regIon be accurately deteralned. 

A close exaalnatlon of the behaVIour of all tbe JOInts In the two 
frames as coluans were brought up to tallure showed that the unloadIng 
stIffness of the JOlnts vas of aore benefit to the coluan than the loadlng 
stIffness of an adJacent JOInt. FIgure 8 shovs the behaVIour of JOInts C 
and E as the external column vas brought up to faIlure. The .uch larger 
unloadIng stIffness is readIly apparent. It would therefore seea tbat the 
InvestIgatIon of the unloadIng stIffness of a JOInt IS equally iaportant as 
the deteralnatlon of the InItIal loadIng stIffness. The assumptIon that. 
connectIon unloads along a lIne parallel to its InItial stIffness appears 
to be reasonable but needs to be conclusively established. 

The vor~ on connectIon behaVIour conducted by Sheffield UnIverSIty has 
covered the response of JOInts in Isolation. JOInts in subasseablages and 
In full SIze aultl-.torey fraaes. There appears to be no funda.ental 
dIfference In the actIon of slal1ar JOInts tested in the various 
enVlronaents. StudIes of JOInt behaviour should PlY partIcular attention 
to lhelr Ictlon In the InItIal part of the K-I curve and also to their 
unioadino behaVIour. The response ot connectIons It llroe rotatIons IS 
llkely to be of less l.portance In lnterpretino the action of seai-rigid 
fraau. 
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ABSTJtJ.CT 

Vbilst procedures for in-plane K-' responses are beeo.ing established 
little attention bas been given to out-ot-plane and torsional 
characteristics. The findlngs of exploratory tests are described in this 
paper which highlight a nuaber of considerations wb icb need to be resolved 
before any substantial experi.ental work is undertaken. There are several 
vays in whiCh a be •• coluan connection may be supported and various ways 10 
which the rotation can be computed. It is suggested that the inte rnational 
research co .. unlty .ioht oive attention to the production of a memorandum 
to develop a uniform approach to the proble •. 

IIITRODUCTIOR 

Since the 1930's aany researchers have investigated the bebaviour of 
beaa-to- coluan connections but have aaiDly concerned tbemselves with tbe 
In-plane M- e bebaviour. Very little experimental information is available 
on the out-of-plane and torsional response of seai-rigid connectlons. A 
standardised aetbod for In-plane aoaent-rotation behaviour of beaa-to
coluan connection has been drafted as a technical meaorandua by Task Group 
25 of the Structural Stability Researcb Council IS . S.R.C.) In 1986 [1]. 

It is obvious tbat, in a steel fraae, tbere may be lateral loads 
actlng out-of-plane on beams or unsy .. etrical or one-sided floor loads 
vbicb cause torsion in beaas and tberetore on to the beam and column 
connectlons. At the same time eccentric loads aay well cause torsional 
effects. Such restraints are also i.portant in tbe context of stability , 
e.g. lateral- torsional buckling. 

This research is aimed at investigating the behaviour of connections 
due ·to out-of-plane and torsional loading. Because crucifor. tests rely on 
syaaetry, which can give rise to difficulties, a single connection 
cantilever arrangement vas chosen (see inset of FiO. 1). The response of 
the test specimens was found to be more complicated than had been expected. 
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Figure 1. The deflectlon prof lIe of the asse.bllge for varlOUS 
support conditions. 

Some results of tbe exploratory tests are given and questions 
regarding the aanner in which tbe M-t relationships should be determined 
art raised to initiate an agreed method similar to the 5.S.R.C. Memorandua 
before substantial test work is carried out. 

TEST SPEC~S. JPPAIATOS AWD INSTiUKKITATION 

rlange cleat and web cleat connections were used for exploratory 
tests. These connections were designed according to an elastic design 
.ethod of tbe Australian Institute of Steel Construction for in-plane 
loading. Previously similar connections had been tested tor In-plane 
behaviour and thls researcb ~IS undertaken to find their out-of-plane and 
torsional M-. characteristics. 

Tbe beaa and coluan eleaents vere tbe saae sectlons in all tests 
naaely 254 x 102 x 22 UB, 1000 .. long and 152 x 152 x 23 UC, 150 .. long. 
The ItatlC Yleld stresses of the coluan aaterial and the beam material vere 
266 N/ .. z and 281 K/ .. z respectively, and vere found by testlng coupons 
froa their flanges. For tbe top and bottom flange cleat connections 
unequal angles vere used; an 80 x 60 x 8 for the top cleat and a 125 x 15 x 
8 tor the bottom cleat. For the veb cleat test again a pair of 80 x 60 x 8 
angle sections vas used. 
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"16 Crade 1.8 bolts wlth washers were used In drIlled 18 •• dllatter 
boles for all connections. Four bolts vere used tor the top cleat, SiX 
bolts for the botto. cleats and six bolts for the web cleat connectlOD. 

A self strllnlng rig was constructed of steel channels and a 100 x 90 
x 15 •• attacheent plate was bolted on the vertical a •• ber. to Whl Cb the 
coluan .as to be cl.ape4. A hydraulic Jack was used to apply the out-of
plane and torsional loading at the tree end of the be •• via. 1014 cell. 
Tbe bolts were tightened up to 160N.a. wlth a torque wrench . ThiS torque 
was adopted as being conSIstent WIth the value expected of .anual 
tlghtenlng WIth ordInary tools. A level vas used to ensure the proper 
allonaent of the speclaen. For si.plicity dial oauges were used for these 
exploratory tests ~hich were lntended priaarily to exa.lne overall 
response . 

TEST PROCEDUUS 

3.1 Out-of-Plane RespoDse 

The slDgle cantilever arrange.ent of the b'I.-colu.n connection . IS 
aentloned 1n sect10n 1 • • as used. The he •• was connected to one fllnge of 
the coluan with top and botto. flange cleats. For ease of appllclt10n of 
laid on the alnor aX1S of the beaa. the cantilever Irrange.ent wa. turned 
through 90· and then the reaote flange of the coluan was claaped 
horlzontally agl1nst the attachaent plate so that the hydraulic jack could 
be placed vertlcally to apply I point load It the free end ot the bea. web . 
Four dltterent tests were carrled out as listed below. The first. type 8. 
represents the reference cond1tion; the other types are variatioDs of this 
situation. 
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~: The leat flange of the coluan va~ cla.ped to the attach.ent plate 
ove r Its entIre length and the bea. was bolted to the front flange of the 
column by top and botto. flange cleats (see Inset of FIg. 3). 

~: The saae connection was used as in type a but an extra plate, 
equIvalent to the depth of bea •• was placed between the rear flange of tbe 
coluan and the attacb.ent plate. The coluan vas cl •• ped In thIS regIon 
only. The ai. of this arrangement vas to simulate restraInt over the depth 
of an equIvalent beam rather than tbe clamping actIon beIng present over 
the full coluan length (see inset of Flg . 4', 

~; The test arrange.ent used was as 1n type B but WIth addItIonal 
stIffeners welded at four positions froa the rear flange and up to the 
colu.n centrellne to substantially prevent the rotatlon of the rear half of 
tbe column web. The stiffeners vere located on tbe column 125 and 250 •• 
away from tbe mld-length of the column In both dlrectlons (see Inset of 
11g. 5). TblS vas designed to siaulate syaaetry about the column 
centrehne. 

~: Tbe test arrangeaent in type C vas used but. in addltlon. full 
stlffeners were welded to the coluan flanges and to the column veb at 
posltlons to correspond to the beam flanges. ThlS was Intended to 
SUbstantIally ellm1nate both the web and flange distortions (see 1nset of 
Flq. 6). 

Several ser1es of deflection readings were taken along the ald-I1ne of 
tbe bea. and the correspondIng ald-length of the coluan to produce a 
deflectIon profile of the assemblage for all types as 1S shown in Flgure 1. 
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3.2 Torslonal Response 

Tbe reaf column flange vas clamped vertically on the attach.ent plit t 
as in type B above. The beam eleaent was connected to the front column 
flange by (i) web cleats and (iil top and bottom flanoe cleats. Loading 
vas applied by a hydraulic Jack Via a plate welded to tbe free end of the 
beam whiCh was in turn supported by a bearlDg thereby iaparting a pure 
torque to the be.a. 

Dial gauges .ere .ouDted on both sldes of the bela web and the coluan 
to aeasure tbe horizontal deflectlons due to the torque, wblCh enabled the 
beam web rotation and tbe coluan web lnd flange rotatlons to be detera1ned. 
Thus tbe connectlon rotatlon could be calculated. Additlonally, atteapts 
vere .ade to aeasure the free and restralned warplng of the be •• flanges. 

TEST RESULTS AID DISCUSSION 

4.1 Out-ot-Plane Tests 

Tests vere carried out at lov aoaents only, WblCh is thought to be the 
aost iaportant stage, but lt is lntended to measure the response over 
greater ranges in the actual test programme. At these low aoaents the 
bending of the beaas can ~e seen to be relatlvely uni.portant. 

The deflection profile of the assemblage for four types of support 
conditions are given in Figure 1. These prof lIes correspond to three 
levels of moaent at the connectlon WhlCh are 0.61, 1.13 and 1.65 kNa. Bea. 
deflectlons are llnear vhile those in the column veb are not. For 
dlfferent support conditions . wben the slope of the beam is extrapolated to 
the x-aX1S, It IS found that the beam vas rotatlng about pOlnts some 
distance avay troa tbe fixed end of the colu.n. The distances of these 
positlons, which remain Virtually unchanged vlthin each test as aoment 
Increases, are 66 .. for type A. 18 .. for type B. 101 am for type C and 
102 .. for type D. The deflections of the beam and the column decrease 
depending on the support conditions In the order of types A. B. C and D. 

Tbere are several ways in which the actual connectlon rotation aay be 
calculated uSlng these deflections. Figure 2 shows the ~-. curves for the 
four support conditions listed above vbere , IS taken as the total beam 
rotation. Figure 3 shows the characterlstlc of figure 2 for support 
condition type B where the total beam rotatlon is labelled as rotatlon type 
I. Additlonally' say be aeasured in three otber vays giving four rotation 
types: 

Type I 
Type II 
Type III 
Type IV 

as total beam rotation 
as beaa rotation relatlve to 
as beaa rotation relative to 
as beam rotation relatlve to 

the 
the 
the 

coluan centrellne 
front edge of the 
front edge of the 

column web 
colu.n flange. 

It can readily be seen that these glve widely differing connect ion 
stlffnesses. Figures 4, 5 and 6 give siallar results for the other three 
sU9port conditlouS. There are nov 16 possible co.binatloDs ot support and 
.easure.ent types with 16 posslble M-' characteristics for one connection. 



Consider real structures. An exterior column usually does not receive 
s,.aetrlc loads tro. be.as and floors. Type A and B support conditions 
could be representative in thiS case. An interior column often carrles 
syaaetrlca l loads comlng fro. beams and floors. Type C and D support 
condltlons could be appropriate In this case. 

Fro. the authors' point of View, considering tbe practlcal, 
analytical , and design requirements more than one type of support condltlon 
and type of connection rotation aeasureaent aight be needed. A change In 
tbe lengtb of the column specimen used aay be anotber factor whicb could 
affect the results. This would suggest that consideration needs to be 
glven to tbe way in wbleh such tests are carried out to ensure that enougb 
Informati on IS provlded to enable the appropriate "-. curve for any 
situation to . be determlned. The authors feel tbat the most conservative 
approach namely the eo.b1natlon of types A and I IS perhaps the aost 
appropriate for deslgn . Alternatively it may be necessary to investigate 
two dlfferent conditions, one for interior columns and one for exterior 
columns for noalnally identical jOlnt conditions. 

4.2 TorSion Tests 

The results of torsion tests on two web cleat and one flange cleat 
connectlons are shown in Figures 1 and 8, froa which it can be observed 
that the actual connectlon rotation is small compared with the twist 
occurring In the beam. Figure 7, shows that, at a moaent of 2 kN., the 
rotation of the web cleat connection (2) is 8 x 10. 3 rad, whereas the tWist 
occurrlng In a 1 a length of beaa for the same condition is 235 x 10- 3 rad, 
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as can be observed fro~ FIgure 8. Tbu1 even thIS .odest connectIon IS 
torsIonally very stIff 15 co.pared with the beaa and could be consldered as 
lnflnltely stlff. However tbere could be other types of connectIons where 
tbis is Dot the case. 

Atteapts were .ade to measure the free and restrained warplng 
dIstortIons of tbe top and bottom flanges of the beam tor web cleat and 
flange cleat connectIons. For theoretlcal analyses there IS a need to 
measure tbe warping bl-aoment and conslderatlon needs to be given as to how 
this should be done. 

4.3 General Observation 

The work described above has concentrated on the flfst cycle of 
loadIng applIed to a joint. However studies on the in-plane behaviour of 
suba,semblages and fraaes (2) have shown, that as coluan buckling occurs, 
the dlrectlon of the .o=ent applied at a JOlnt often reverses. It IS thus 
the unloading stiffness of a Joint which is frequently most iaportant in 
provldlng restralnt to a column as the fallure condltlon 15 approached. 
ThlS occurs even wlth aonotonlC frame loadlng. The questlon of aeasuring 
unloadlng stlffnesses at varlOUS moment levels 15 another feature whlCh 
requlres attentlon. 

CONCLUSION 

Prellainary out-of-plane tests on heam-to-column connectlons have 
shown that there are a variety of ways In WhlCh the column may be supported 
and a nuaber of vays ln WblCh the connection rotatlon mlght he measured. 
The resultlng moment rotatlon characteristics of the JOlnts vary qUlte 
.ackedly. 

The results of torsion tests have demonstrated that even for modest 
connections e.g. web cleats, the flexibllity of the joint is normally very 
small wben compared with the bare beam. The problem of determinlng warplng 
stlffness has heen noted. Attention has been dravn to the slgniflcance of 
unloading stlffness. 

It 15 concluded that, wlth the wlde attentlon being glven to seml
rlgld actlon , there is a need to develop a recognlsed set of requirements 
for the conduct of such tests. 
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DISCUSSION 
~ 

CLASSIFICATION PAPERS 

There was general consensus among speakers and discussers alike 
that with the advent of limit states design, it is c r itical to arrive at 
a system of classification of connection response with regard to 
strength, stiffness and deformation capacity. In particular, this will 
facilitate the work of designers, to the effect that it may not be 
necessary to work with individual connection H·~ · curves, for example . 

Suggestions for simplified moment-rotation curves were made, to the 
extent that it would be preferable from an analytical standpoint to be 
able to deal with linear relationships rather than highly non-linear 
ones . Several discussers expressed concern over this as being a too 
liberal simplification, although analyses have shown that for most 
practical purposes, it is the magnitude of the initial connection 
stiffness that is the most important to the overall frame response . This 
applies to frame drift calculations as well as to stability analyses , 
although for the latter it is clear that the initial stiffness is of 
overriding importance. 

Several questions dealt with the initial and subsequent connection 
stiffness cha r acteristics. Thus, there appeared to be general agreement 
that loading and unloading stiffness magnitudes are crucial to the 
stability of the frame. Test results for structural subassemblages 
demonstrated that this was the case as well, and good correlation was 
found when the unloading stiffness was set equal to the initial 
stiffness. It was pointed out that for such problems, the overall 
rotation capacity of a connection is of lesser importance; rather, the 
initial portion of the curve and the shape of the unloading part are of 
primary concern . 

Several speakers emphasized that although it appears that the 
unloading stiffness of a connection is the same as the loading one, this 
should be examined for a range of connection types and sizes. Similarly , 
it was pointed out that an engineering definition of the connection 
stiffness is required, not the least because many test curves exhibit 
little or no initial linear range, or even a much softer connection 
response than what is eventually determined. This is certainly in part 
due to the nature of the physical testing in itself. but further 
emphasizes the need for a clear definition of the stiffness. 

, 
It was noted that although significant variations can be found in 

the stiffness values for different types of connections, their impact on 
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ch. response of che frames Is not.a. severe , In other worda, with & 
given type of connection one may us. quite different EI·valuec, and 
still arrive at substantially comparabl. strength and deflection 
result • . Thi. .1so holds true for stability analy ••• of Indlvld~l 
columns and columna as part of sub ••• embla, •• . Agaln, the importance of 
the connection unloading stiffness was stre •• ed by discu ••• r . and 
spe.kers allke. 
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ABSTRACf 

An analysis technique for Steel Frames that include Semi-Rigid connections 
IS presented. The technique is easy to implement smce it utilizes the stiffness 
method of analysis of structures. A typical beam element with six degrees of 
freedom(d.oJ.) is utilized together with a six d.oJ column element that 
utilizes stability functions to account for the P-Delta effect. The connection 
fleXibility is incorporated into the model through a two d.o.f. spring element 
whose stiffness is the secant stiffness of the panicular connection at the 
particular load level. Due fO the non-linearity of the connection and the P-Dclla 
effect the solulion is iterative and the solution algorithm is presented. 

INTRODUCfION 

Analysis. design and drift calculations for steel frames are inter-linked 

processes that jointly dictate the final sizes of the individual members and 

connection details of steel frameworks. As a result each one of these has to be 

compatible in order that a consistent approach be achieved (i.e. the design 

npproach used depends greatly on the analysis assumptions and techniques used). 

For the purposes of this paper only the analysis ponion will be examined; design 

and drift considerations will be presented in a subsequent paper. 

The modeling requirements that will make the analysis. design. and drift 

calculations conSistent will be discussed in this paper. The use of this 

consistent approach will result in bener understanding of structural behavior by 

demonstrating the actual force distribution and by avoidtng such "design 

apprOlum3tions" as the "Moment Magnification Factor", Specifically Ihe inclusion 
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of factors such as P-Delta and Connection flexibility in the analytical model 
will be discussed and demonstrated. 

The A.I.S.C. specification as presented in the Eighth edition of the Manual 

of Steel Construction[ll descnbes three types of construction: 

Type I. commonly designated as "Rigid Framing", 

Type n, commonly designaled as "Simple Framing", and 

Type III, commonly designated as "Semi-Rigid Framing". 

It further stipulates that "the design of all connections shall be 
consistent with the assumptions as to type of construction called for on the 

design drawings", Funher "type H construction is al10wed as long as the wind 

moments are distributed among selected joints of the frame and cenain provisions 

are met". Since 1964 Disque[2J has promoted the use of type 1I construction and 

has provided cemin simplifying design assumptions such as the directional 

moment connections to facilitate the design engineer in utilizing this simple 

type of construction. Work done at the University of Colorado and R.P.L by 

Ackroyd, Gerstle elal.[J.4J has substantiated the use of type II construction in 

accordance with the Disque assumptions with cenain restrictions. The purpose of 
this paper is to deal with type m (Semi-Rigid) not type II. 

It can be argued that no connection is either fully rigid or tOtally pinned 

or flexible; every connection possesses some restraint no matter how flexible it 
is considered and even fully welded connections exhibit some flexibility. The 

Load and Resistance Factor Design (L.R.F.D.)[5] by A.I.S.C. recognizes this fact 

and clistinguishes connections in two categories : Fully Restrained (FR) and 

Partially Restrained (PR). The technique described herein is suitable for 

analyzing frames that include PR connections. provided the Momcnt~Rotation 

characteristics of thesc connections are known. 

MODELING 

For the purpose of demonstrating the technique and in accordance with 
common construction practice the columns will be assumed continuous at the floor 
lines. However the technique could be extended to utilizing P.R. connections even 

between column stacks. The inclusion of Semi-Rigid connections connecting the 

beams through the column Slacks necessitates a modelling technique that would 

allow relative rotation between the beam and column at a joint. As shown in 
Figure 1 this can be achieved by introducing additional rotational degrees of 

freedom at each joint; thus exterior joints will have a total of (our degrees of 
freedom i.e. horizontal and vertical translation. and rotation of the column 
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stack, and beam-end rotation, whereas inlrrior joints will have five degrees of 

freedom, namely: the joint translation in the horizontal and venica1 direction, 

the joint or column staclc rotation and the two beam-end rotations. In addition to 

the beam and column elements spring elements are introduced connecting the joint 

rotation to each beam end rotation. 

In developing a computer code for analyzing frames such as shown in Figure 

I the following stiffness matrices should be utilized: 

1-II~..L...-f-4!14,}.1-.-!----t:--"~~ 8 rei left = 8 j - 8 b I 
erel right =8 j-8 br 

FIGURE 1: TYPICAL FRAME MODEL 

A Beam elements ' The stiffness matrix utilized for the beam element 

should be the standard stiffness matrix found in basic structures 

texts[61 . 

Be Column elements' To account for P-Delta effects in the analysis the 

column stiffness matrix is formulated utilizing stability functions. 

The expressions for the stability functions can be found in basic 

structural analysis texts[6]. It should be noted that the stability 

functions only influence the fITst 4x4 panion of the stiffness matrix 

relating the rotational and shear degrees of freedom. These functions 

replace the standard stiffness and carry-over functions with oncs whose 

values depend on the axial load present in a member. 

C Spring elements' The stiffness matrix for the spring element is a simple 

2><2 matrix with the stiffness of the spring (Ks) in the diagonal tenns and 

"-J(s" in the off-diagonal tenns. 

Frames with semirigid connections are generally more flexible than those 

designed with fully rigid connections; The P-Delta effects are, therefore, 

generally more pronounced and it is the author's opinion that any analysis that 

includes connection flexibility should also account for P-Delta. The column 
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element described above, formulated with stability functions to account for the 

loss of stiffness with increasing axial load, has been found to work consistently 

well in the presence of semirigid connections with non-linear semirigid 

connections. 

The proposed method is dependent on the availability of Moment-Rotation 

curves. In the past this seemed to be the bottleneck of analysis techniques that 

considered connection flexibility. Recently, however. effons from various 

sources are beginning to make available such information both in the form of 

available experimental data and predictor equations[7,8,9], 

A typical moment rotation curve is shown in Figure 2. The non-linear nature 

of the Moment-ROIation curve shown is typical of most connections tested. in the 

past (7,8.9]. It should therefore be accounted for in the method of analysis. 

Three different stiffness values can be identified with any Moment·Rotation 

curve: 

M 

a) 

b) 

c) 

the initial stiffness, 

the tangent stiffness at any point , and 

the secant stiffness. 

~ Un factored loads * (FS) 
... _._ ..... . ... \ 

I' , , _____________ , __ L 

, " 
I' " : I , , , , , 

Factored Loads 

Unfactored loads 

~-_---'..L-_______ e 

FIGURE 2: MOMENT ROTATION CURVE 
Any of the three may be utilized in the analysis so long as it is consistent with 

the overall technique used; namely the tangent stiffness could be used with an 

incremental load application technique or, as recommended here, a secant 

sliffness should be used in an analysis where the full factored load is appl ied 

in one step. In the method proposed herein the secant stiffness is recommended 

for the following reasons: 

a) the factored loads will be ~pplied in one step, 

b) the secant stiffness provides an integrated average of how the 
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connection arrived at the present ~vel of loading. 

c) regardless of the mode of loading and unloading at one time in the life 

of the structure the actual moment·rotation was followed to arrive at 

the present state of load. 

d) if an initial stiffness is used the deflections derived will be 

erroneous. 

11 is funher proposed that factored loads be utilised in the analysis. 

otherwise due to the non-linear nature of Moment-Rotation curves an incorrect 

faclor of safety may be assumed to exist as shown in Figure 2. Using unfaclored 

loads and allowable streSS design leads to false factor of safety, underestimates 

total deflections, and thus underestimates the P-Delta effects. 

NUMERICAL ALGORITHM 

Having discussed the components of the model and the loads to be applied 

the numencal algorithm is hereby presented. 

First lteratioD 

The structure stiffness matrix is originally fonned by ignoring P-Delta 

effects and assuming all connections are fully rigid. This Conns the starting 

point for the iterative process. 

Second Iteration 

The column axial loads from the first iteration are used to define new 

column stiffness matrices utilizing the stability functions. 

The spring stiffness for each beam to column semi ~rigid connection is 

obtatncd from the "available" Moment~Rotation curves for each type of connection 

by making an "educated guess" on the relative connection rotation. A method 

found by the author to give consistently good results for this initiaJ guess 

IS to supenmpose the "beam line" on the moment-rotation curve(Figure 3). The 

beam hne is a straight line connecting the point of fixed end moment at zero 

roumon to the POIDt of zero moment and maximum rotation for the loading 

condition. This second point is the amount of rotation the beam would undergo If 

it was pinned. Although this value is dependent on the type of loading it varies 

wnhlD a narrow range of 0.016 radians for a point load at mid~span to 0.021 

rad ians for uniformly distributed loads. The algorithm is not very sensitive to 

this initial value, so a value of 0.02 radians was found to work well for 
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commonly encountered loadings. The spring stiffness for each connection is thus 

determined as the secant stiffness passing though the int=tion of the Moment
Rotation curve and the Beam-Line. 

End Moment 
M 

.,-- Beom Line 

Simple Beam Rotation 

L-______ ~ ____________ . e 

FIGURE 3: BEAM LINE 
The structure stiffness matrix. is then recalculated utilizing the new column 

and spnng suffnesses and the problem resolved. 

Typical Subsequent Iteration 

The column stiffness matrices are reevaluated based on the axial loads from 

the previous iteration. 

The new spring stiffness for each connection is found by comparing the 

rt:suhing moment and relative rotarion at each spring location with the Moment

Rotation curve as shown in Figure 4. If the moment-rotation point from the 

previous iteration does not fallon the Moment-Rotation curve a venical line is 

drawn untit the M-Theta curve is intersected. The new spring stiffness is then 

defined as the slope of the secant passing through this new point The 

convergence has been found to accelerate if instead of the new stiffness defined 

above I weighted average of this and the previous iteration is used as shown in 

Figure 4_ 

The new spring stiffness matrices are thus reevaluated and the new struCture 

stiffness matrix formed. 

The problem is solved again. 

At this point convergence is checked by comparing Ihe results of the pre.senl 

to the previous iteration. Specifically the relative rotation between the ends of 

each spring and the column axial loads are compared to the previous iteration. If 

convergence is detected the algorithm is stopped; if nOt the steps described in 



this section arc repeated. 

M M· e· J J 
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K j _ 1 

I I---Knew 
K · = 

J W 1 --+ 
K· 1 J-

= 1/3 

- 2/3 

L-______________________ e 

FIGURE 4: NEW SPRING STIFFENERS 

CONCLUSIONS 

!!.L 
Knew 

A method has been presented for the analysis of steel frames utilizing semi

rigid connections. The basic components of the model are generally available so 

Implementation of the algorithm should be straight forward for individuals with 

basic Icnowledge of the stiffness method of analysis. P-Deita effects are critical 

due to the increased flexibility of the frames and should be included. The 

resulting iterative problem is solved by iterating on both the P-Delta and 

connection flexibility at the same time. Convergence has been achieved in four to 

six iterations for a variety of frames. 
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1. I!ITII.ODUCTION - ABSTRACT 

The essential objective of the pre.ent paper consists in exposing the 
procedure of taking into account se.i·rigid connections vith nonlinear 
behaviour, a posteriori introduced into the CTICH·analysis programme of 
plane frame structure. (PEP). 
After a succinet description of the init1al atate of the PEP · progradDe, the 
double spring· endad speeial .ember lntroduced 1s presented . The description 
of the taking into account of nonlinear behaviour of the semi·rigid 
connections follows and the paper is completed by re.ults obtained on a tvo 
level· three span portal frame . 

2. SUCCINCT DESCRIPTION OF TH! INITIAL STATE OF THE PEP- PROCRAMME 

A detailed description of the initial atate of the PEP· pro&ramae i . given 
in I 1 ) and I 2 ) . 
PEP is an analysi. programme of plane frame structures the CTICH has 
developped for research purposes. It allows to proceed to four typ.s of 
structural analysis : 

first order 
second order 
first order 
second order 

elastic 
elastic 
plastic 
plastic 

analysis , 
analysis, 
analysll, 
analysis . 

The .. in characteristics of tha PEP·programme are the following 

a ) The plastification in the .tructural members i. based on the concept of 
plastic hinges with bending moment· axial force interaction . 

b ) The determination of the states of equilibrium i. based on the 
• displacement method 
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c) The loada on the structure, which are .tatic loada. maintain their 
proportionality durinS the 108dln& evolution. Thi. leada to the 
definition of a parameter a , repre.enting a multiplier of tile loading 
provld.d by the input data of the programme . 

d) Any non-linearity in the .tructural r.spon.e to the applied loads, 
resultin, froa the occurence of either pl •• tic hinges or lecond order 
effect., il dealt with by a Itep-by-step method without internal 
iter.tionl (for exampl., .imilar to thole of the Newton-Raphlon method) . 
The incrementAl behaviour at each loading Itep .ISum.S the formulation : 

where, 

- increment. of the vectors "nodal load." Ipi 
displacements" IDI during the step. 

and "nodal 

- tangent stiffness matrix of the structure as a function 
of the plastification state, of the di.placement. of the 
node. and of the axial force. determined in the .tructure 
at the end of the previous .tep. 

The nonlinear behaviour i. therefore delcribed by a luccelsion of 

~:m:~~:r~c~in~:r ::~~~:~Ib;it~p~~i~;~:: r~~:~~!IZ~~~t:::~ :~:P~he 
loading stepa. For very divergent behaviour. (clole to in.t.biliey), 
displacement control il posaible. 

At each atep, the condition of the atructure il determined by summing 
up the variation. of condition calculated at the previoul steps . 

Should an inltability occur (collap.e aechani.m, member buckling, 
global inltability), the detection criterion Is the lian of the 
determinant of the matrix K

t 
that change. from pOlitive to negative . 

e) Prior to the introduction of the pre.ent develop.ents, the connections 
between the Itructural memberl were either perfectly rigid or perfectly 
hinged. 

3. MODELLING or SEKI-UCID CONNECTIONS IN THE PEP-PROCR.AHKE 

A detailed delcription of this modelling il given in [ S ) . In the 
framework of this Itudy, neither the influence of the Ihear flexibility of 
the connectionl upon the global structural behaviour nor the pOlsible 
influence of the Ihear force upon the intrinsic behaviour of the 
connection5 are taken into accounc. 
AJ a con.equence, each connection of semi-rigid type il modelled by cwo 
equivalenc springl 

an axial stiffne •• Ipring K .imulating the axial behaviour of 
the conneccion when the conne~ced .ember il Itrongly comprelsed or 
in cenlion ; 
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• spiral selffness spring K, s~aul.C1n& the bending behaviour of 
til. connection. 

Th. interaction of these two springs reproduces the global behaviour of the 
connection . In case of nonlinear behaviour of the connection, ch. 
stiffn ••••• K ( and K, of the equivalent springs are modified at each 
step of the step-by-step· procedure, according to the evolution of the 
parameters that have an influence over these stiffness •• (for inseance, the 
forc •• upon the connection). 

The thus modelled connection 1s then -.tcached- to • m.mber whose stiffne •• 
matrix lotagrates K e and K, . The modelled connection 1s therefore 
considered to have no length . 

In this simple way, 
member with the double 

a special 
spring jwot 

member element 1s made up of • standard 
described at .ach extremity (figur. 1). 

This typ. of .lam.nt allows on. to tr.at similarily the members with semi . 
rigid connections ~t one or at botb ends. For the .nd without semi·rigid 
connection, an infinite (immeasurable gr.at) stiffn.ss K and an infinite 
or null stiffn.ss K, ,according as the conn.ction Is p'rfectly rigid or 
perfectly hin&ed resp.ctively, are introduced. 
In order to let app.ar ebe second order effects and the instability 
ph.nomena in .trongly compressed members with se.i·rigid connections, 
the tangent stiffne.s .. trix of the memb.r .le.ent represent.d «n figure 1 
has b •• n d.t.rmined . 

Figure 1. Nod. 

This tangent stiffness matrix Rt which r.lates, during & step, increments 
of forc.s at the ends i and j of the member to increments of displacements 
of the same .nds according to the following relationship : 

N 
T 
K 
u 
v 
w 

axial force 
force sh •• r 
b.nding moment 
longitudinal displacement 
transv.r •• displace.ent 
rotation 

is .xpr •••• d a. follows in the local system of the member 

R, R,n 0 -R, R,n 0 
, N 

It, + RIO + L It. -RIO -(R. + Rln! +~) LA, - R. 

(RJ -
R, 0 - R, LR, - R, 

R, R,n 0 

aymCtnqu.c. R) + RIO) +~ R. - L.R! 

It) - 2l...A. + Ra LJ 



\Jhere 

And 

N 

n 

L 

E 

I 

A 
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axi.l force as obtained at the end of the previous step 
(negaeive In co~presslon) . 

(v - v i )/L - global rotation of the dedher as 
ob~ined at the end of the previous s tep . 

length of the member between ends 1 and j . 

Young's modulus. 

inertia of the member cross section . 

area of the member cross section . 

4 - 1 

p -

k 
+ 

K" 

EA fA 
Y -1+-+ --

LKc.. LKv 

N<O (compression) k _ £1 11{$ln " - '1 cos '1) 
L . 2(1 cos ~) - ~ .1, ~ 

~ _ JNILj 
El 

. N>O (tension) 

. N:O 

l.k _ EI ~(~ - .1, ~) 
L . 2(J - cos '1) - '1 sJ,. '1 

k _ EI . ~(.h ~ - ~ ch ~) 
L 2(ch ~ - I) - ~ .h ~ 

l.k _ El ~(~ - ~ .h ~) 
L . 2(ch ~ - I) - ~ sh ~ 

k - 4 E1 
L 

~ k - 2g 
L 

~L' 
~- -EI 

The assemblage of 
without semi-rigid 
stiffness matrix K

t 

the stiffness matrices R
t 

connections, allovs one 
of the structure. 

of all the memhers, with or 
to obtain the global tangent 
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4. MODEL OF NON LINEAl BEHAVIOUR OF THE CONNECTION ADOPTED IN THE PEp· 
P&0ClAln<E 

The mod.l of nonlinear behaviour of the connection adopted at the pre •• nt 
time in the PEP-programme Is that vorked out by COLSON and PILVIN [3,4]. 
Hereafeer, the b •• ic characteristic. of their sLaplified ~del at. 
reeall.d. 
The ultimata li.it curve of the connection 1 •• bending moment-axiat Corce 
ineeraction curve. In a first step, the curve ha. been linearized for t~ 
sake of simplification (figure J). 

Ku is the ultimate bendi ng resistance of the connection ; it is assumed 
to behave in a similar manner whatever the 11gn of the bending may b. 
(symmetrical connection). 

N N + 
u' u compre •• lon 

S or-c.. 

are the ulti •• te axial resistance. of the connection in 
and 1n tension respectively. • .+ 

• 
Su __ ..lI ti..!fllJ~~!'·~'!"_ 

o 

figure 2. 

DhphceMo.t 

o 

-K • 

Figure 3. .• 

". . 

Figure 2 shows a typical force-displacement curve characteristic of a seai
rigid connection under static loading. 
Yithin the adopted model, the description of the nonlinear behaviour, 
during the loading phase, i. based on knovledge of experimentally 
determined values of 

the initial bending and axial stiffnesses of the connection, 
the ultimate bending and axial reaistances, 
other parameters characteristic of the non linear behaviour 
of the connection, 

and of a variable' depending on the loading level that has been reached 
and characterizing the dist.nce with regard to the ultimate limit curv. 
(figure. 2 and 3). 

The lav of differential behaviour of the connection has been described in 
form of the folloying relationships 

• [ d. (An·dn + Idal>] dt • u + g. •• it n 
n ( I > 

H r dill ... g. (Bm·do I dal> J de • u + A • 
it • • 
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where : 

d{. d' variations of elongatIon and rotation within the connection, 

dn, dJa 

.. 
N 

u 

variations of reduced forc •• 

if tension, 

n 

N 
u 

if compression 

Km' Kn : initial stiffnesses of the connection In bending and elongation 

. g 

• A 

K - K+ if tension, n n 

x(x + 2) with x (6. - 6)/6 

6
0 

inleial value of 6 (see figure 3). 

n • 8 n • Am' 8 .. (experimental) coefficients for 
characterization of the non 
behaviour and H-N interaction 
connection. 

linear 
In the 

The tangent stiffnesses of the connection 
are derived from the relationship (1). 

and K _ dH 
, de 

step p of the Ratep-by·step" procedure of the 
the structure, the tangent atlffnesses input for a 

Consequently, during a 
nonlinear analysIs of 
semi-rigid connection 
calculated by : 

In the tangent stIffness matrix of a member are 

with 

• & p-I • (A • I . ' . [ . 
( ) 1..,(0-1)1 )j 

11 n An (p-15 

. 'e(p) • It I [ I • g (p-l). (A • I • 
• • • 

&,(p-'). 60(0-') variationa of reduced .trea.e. 
during the previous step. 

diatance vith regard to the ultimate 
li.it curve a. determined at the end 
of the previous .tep. 

If , during a load step. the ultimate limit curve is transcended, the 
amplitude of the load step is reduced in order to bring the point A (figure 
3) baCK on the curve and the connection is replaced by a perfect hinge with 
regard to the later load increments . The use of thi. artifice is simply 
related to the numerical aspect of the ·step·by·step" description of the 
non linear behaviour. Strictly speaking, the limit curve should never be 
reached but only approached asymptotically. 

Particular cases : If N ~ 0 If H':t 0 
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5. £XA}(PLE OF APPLICATION 

The cho.en example of application concerns on. of the calibrating frames 
defined by R. ZANDONINI (Polytechnic School in Kilan), responsible within a 
subgroup of the Eees Te8 ·Stabil1cy· for a study dealing with che 
stability of structures with seat-rigid connections . 
Both the structure and the loading are defined In figure 4, 

q , b 
T f - 235 KP. 

• qY - 40 kN/m 
• F - SkN 

I beams IPE 300 
columns HEA 160 

• 

- 5. _ S= _ 5. Figure 4. 

The structure 1s considered with an inItial verticality 
~ - 1/300 . The type of beam-column connection 1. depicted in 
valu.s of the connection parameters have been determined 
bending moment - rotation curve ; they are : 

K - 10 9S9 m 
- 1 

KNII rd 

(strong axis) 
(strong ads) 

imperfection 
figure 5 . The 
on a suppUed 

SInce the connections are essentially in bending, the following values have 
been adopted : 

+ -An - Bm - Bn - 0 Xn - Kn - . (very large) 

N: - Nu - plastic axial force of the beams 

'*' ~ " 0( 

I 2.0 

~ • 
! 1- :_L , , 

", ~-

~I ClIDEI. 

;i~ ",,)0( 

" 1.0 

~i 
N 

I I- I- T O.S 

-i->v= 
b K16 bolts grade 10.9 

I 979 

~ 
1.141 

L .>2 

f .--/ 
~ 

V I 

If J) 

o 8 4 6 

Figure 5 . Figure 6. 
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In figure 6. the evolution of the laceral displace.ent D at 
structure h.. b •• n dravn •• • function of the load. 
proportionally with a .ultlplylng factor 0 and this 
follow!n, analysl. : 

the top of the 
that increa.e 
for the thue 

firlt order plastic analysis + rigid connectiona (curve A) 
.econd order pl •• tic ana1y.l& + rl,ld connectlona (curve 8) 
second order plastic analysis + a.ml-rlg1d connectlona (curve C) 

The amplituda of the lo.dina step v •• Ii_iCed by the moat •• vere condit i on, 
1 .• , 6 Q - 0,1 or A D - 2 mm. Aa concern. the curve C, 
chat r.aulted In 48 steps before re.ching the collap.e and 4 an 20 .econd. 
calculation tIme on a 18K 4361-3 co~ut.r . 

In order to take correctly the .econd order .ffects into account , the 
column. have be.n dlscretlzed i n 3 sections . Because tha double spring 
ended element, described in 2, can not receive loads betveen its en~ . the 
be .. s have also been dlscretized in 3 sections as shown in figure 7 . 

7 x qL/, 

qL/16 qL/16 

-Z:: ) 1 j lL 1 j 1 }~ 
.-.I.-d&U ... i ) 4" i '" .ad.-rl,id 
COQGectiOQ connect l on 

Figu r e 7. 

The important divergence of behaviour depending on whether the semi - rigid 
connections have or have not been taken into account should be noted . 
The difference betveen the collapse load by instability in the elasto 
pla~tic range is about 16\. The lack of web stiffeners in the columns at 
the lOWer £lange of the beams may explain the flexibility of this rype of 
connection. 

6. CONCLUSIONS 

The fact of takins into account the semi-ri,id nature of the connections i n 
a pre-established prosraaDe resulted in adoptinS a simplifi ed ,eometrical 
model. As a consequence, a certain number of assumptio~ have been admitted 

connection. without their own dimensions , 
. hear is not taken into account, 
the ultimate li.it curve is linearized . 

Some other assumptions belong implicitly to dhe analyai. method adopted for 
the PEP-prosr ... e (plastic hinges , ·step-hy-.tep· method wi t hout 
iterations) . 
AlthouSh a comparison with results obtained by other programme. used abroad 
ha l been .atisfactory. a further stage is neeea.ary that will consist in 
comparing a numerieal simulation With, large scale tests aimed at confirming 
the val i dity of the adopted assumptions . 
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NONLINEAR INELASTIC ANALYSIS 
OF FLEXIBLY-CONNECTED STEEL FRAMES 

M.H. Ackroyd 
Techtrol, Ltd. 

Montreal. Quebec 

ABSTRACT 

This paper describes a nonlinear co.puter analys!s program 
that can si.ulate the behavior of unhraced steel frames 
that have flexible beam-to-coluen connections and/or pertiel 
co.pos1te girders. It suemarizes the eodeling capabilities 
and cites instances of how the tool has contributed to 
8 better understanding of complex frame behavior and frame 
design. 

INTRODUCTION 

This paper describes an analysis program that has been 
developed for evaluation of structural steel building frames 
at their ultimate load level. The program was developed 
over 8 period of nine Jears in 8 research effort to evaluate 
the actual behavior of AISC "Type 2" frames (1), funded 
primarily by the American Iron and Steel Institute. 

SCOPE 

The progra. described herein 1s a research tool that 
has been specialized for very precise modeling of a large 
number of nonlinear phenomena that arise in the class of 
planar un braced sway frames conSisting of horizontal bea.s 
and vertical columns. No accounting is made for the possibil
ity of out-of-plane effects such as lateral-torsional buckling 
of beams, out-of-plane frame buckling, or torsional buckling 
of members. 

In order to 
nected steel 
ties need to 

MODELING APPROACHES 

accurately pred~ct the behavior of flexibly-con
framea, both material and geometric nonlineari

be accounted for in the mathematical models 
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of the various structur81~ components of the frame. The 
program described here includes models for inelastic beam-col
umns , beam-to-column connections hevin& nonlinear .ament-rota
tion curves (including unloading capabtlity) , and inelastic 
co.pos1te concrete-steel girders with slip . 

Beam-coluans 

The .odel for steel I-shaped .embera treats the cross-secti
on 8S three rectangular elements . All cross-section effects 
are computed 8S analytic expressions relative to these 
rectangular elements and then 1n terms of overall section 
response. Second order geometric effects are accounted 
for directly at the member level . Details of the development 
can be found 1n (2). 

A. Cross-section Hodel 

Residual Stresses. The re8id~a) stresses in the cross
section are represented as initiel stress patterns that 
vary parabolically and sy.metrically along the length of 
each rectangular component . The patterns in the flange. 
are taken to be identical, so that one need only spectEy 
the va lues of the residual stre,s at the tip of a flange 
and at the center of the web: the prograa auto.atcall, 
computes the residual streS8 at the web-flange junction 
based on equilibrium of the unloaded meaber. 

Force Resultants . When loads are applied to the section, 
a linear strain diagram is assu.ed , elastic-plastic fiber 
strains are evaluated as appropriate, and stress resultants 
are found that equilibrate the applied loads. The portions 
of the section that remain elastic are then used to compute 
the available bending rigidity for use in associated member 
atiffness calculations . 

B. Spread of Plastification 

When loads are applied to 8 ~ember. the moment diagram 
is checked to see if any sections along the member length 
will experience plastic strains 1n the presence of axial 
load and moment . In the regions where plastification is 
predicted , the length of the plastic region is computed 
as the distance froa the point where elastic behavior ceasel 
to the point of aaxiau. moment . At the point of maxi.um 
moaent , the precise fiber model above il used to compute 
the bending rigidity of the cross-section. Then a linear 
variation of the bending rigidity i. asauced fro. the linear 
elastic value at the start of the plastic region to the 
.iniau. value just computed . (The accuracy of this approach 
vas corroborated by ancillary studies coaparing finite 
difference solutions of the co n tinuous problem to the dis
placements solutions predicted by the d18cretized equivalent 
taper model) . A closed form stiffness matrix for the tapered 
portion of the member is then combined with the stiffness 
matrix for the elastic portion of the .ember , internal 
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degrees of freedom are condensed out . and the total .e~ber 
stiffness matrix is obtained for use in 8 frame analysls . 

C . Second - Order Geometric Effects 

In foraulating the stiffness .atrix of coluans in the 
frame, the classical stability functions are used for reducing 
the flexural stiffness coefficients due to the presence 
of axial thrust . Overall member P-Delta effects are accounted 
for by adding the usual member geometric stiffne •• matrix 
to the existing member stiffness matrix. 

Nonlinear Beam-co-Column Connections 

Flexible beam-to-column connections are modeled 8S two-degr
ee-ot-freedom spring elements ha ving moment-rotation charac
teristics appropriate for the given stiffness . The frame 
analysi8 progra. uses a secant stiffness approach, so that 
the stiffness is simply the ratio of t he curre n t connection 
aoment to the current angula r distortion, plus any per.anent 
angular offsets due to lack of fit or elastic unloading . De
tails of the development can be found in references 2 and 
3 . 

A. Initial Loading Curves 

The initlal loading curves for the connection models 
can be represented as eithe r a Frye-and-Morris polynoaial 
or a Richard-Abbott exponential . The polynomial forms must 
be used with care so as not to choose a connection type 
and size that is beyond the extrapolation 1i.lts of the 
original Frye-and-Horris data. The Richard-Abbott expression , 
though , provides a stable curve-fittIng of a ~ide range 
of responses. from elastic-plastic to stiffness-degrading. 

8 . Unloading Behavior 

When the moment on a connection decreases , elastic unloading 
is assumed . In the secant stiffness formulation used here, 
this behavior can be handled in the same wa, that initial 
lack-of-fit problems are accounted for . The resule is that 
one need only add an "initial force" vector to the applied 
load vector based on the permanent angular distortion of 
the connection and specify the initial elastic stiffness 
of the connection in evaluating the t wo-degree-of-freedom 
spring stiffnesses. 

C. Finite Joint Size 

When the 
considered 
"strlx clln 
zones 8 the 

depths of the connected members need to be 
in the frame analysi8, the member stiffness 
be automatically adjusted to model rigid panel 
ends . 
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Partial Composite Girders 

The model for paTtial composite girders predicts the 
nonlinear responses of concrete tensile cTacking and compress
ive crushing . steel yielding 1n both compression and tension , 
and nonlinear slip/deformation of the sheaT studs bonding 
the concrete to the steel W-shape . Details of the development 
can be found in reference (4). 

A. Material Behavior 

For each of the three components of the composite girder 
(steel I-section, concrete. and Nelson studs) , realistic 
material behavior is assigned according to accepted elemental 
force-deformation relations. The model for steel is the 
videly used elastic-plastic response for individual fibers 
vithin 8 cross-section. The model for concrete 18 taken 
as the vell-knovn Hognestad continuously nonlinear response 
(5). The load-slip response of the shear stud connectors 
is that reported in Olgaard , Slutter, and Fisher (6). 

8 . Cross-section Model 

If one assumes that no transverse separation of the 
concrete and steel occurs, but that longitudinal slip of 
the concrete can occur relative to the steel, then the 
curvatures of the concrete and steel Yill be identical . 
The strains induced by flexure are taken as linear, but 
with 8 possible jump in the value of strain Bt the concrete
steel interface due to slip. ~ . 

d 

The stress fields associated vith the above strains 
viII produce a net compressive resultant in the concrete, 
C, and a cension resultant. T, in the steel , with 8 moment 
arm of z between them. This couple is then the internal 
reaction to the applied moment. Compatibility, stress-strain , 
and equilibrium then lead to a pair of first-order , coupled 
ordinary differential equations for the composite girder , 
as developed in detail by Yam and Chapman (1): 

dY • (. 
--ax d 

- f( H(x), C(x» Slip Rate 

dC II 
~ s 

- g( Y ) Shear Flow 

where Y is the amount of slip (e.g . , inches) and Q is 
the force in the shear stud. 

Solution of these coupled equations must be done by numerical 
integration techniques for any given girder and loading. 



235 

C. Composite Girder Hodel 

The solution technique used for analyzing girders that 
are parts of frames consists of 8 preprocessing step of 
finite difference solution for isolated girders under gravity 
loads and 8 fcame analysis that utilizes stiffness data 
generated in the preprocessing step. 

In the preprocessing step . the desired gravity loads 
are specified on 8 simply-supported composite girder with 
the given cross-section . This girder 1s then analyzed for 
4 to 6 levels of gravity load factor up to 1.3 or the collapse 
of the girder. For each load level, the coupled differe ntial 
equations are solved numerically using 8 shooting method 
of forward numerical integration using the Euler-Cauchy 
finite difference equations. Details of this solution method 
are presented in Zaremba (4) . 

Once the differential equations are solved for any 
given problem , one has obtained the values of curvature 
at all station points along the span . These in turn can 
by integrated to obtain beam slopes and deflections along 
the span. The resulting data is then used to establish 
the load-deflection data to be used in the ensuing frame 
analysis. 

In the frame analYSiS , an equivalent prismatic model 
is used for portions of girders in positive bending , where 
the value of EI is interpolated from reference responses 
of the prototypical partial composite girder analyzed in 
the preprocessing step . 
In general , the response of a composite girder can encompass 
a range of stiffness regimes. For example, it could ataet 
with a large positive moment at the face of an attached 
column to result in a tapered end due to "necking down" 
of the effective slab width from the usual effective width 
along the span to the width of the column flange (under 
positive bending), an equivalent prismatic region in the 
region of positive bending , a region of steel-only in regions 
of negative bending. and possibly a region of tapered 
steel-only when steel yielding occurs under large negative 
bending moments . The model used in the frame analysis includes 
provisions for all of these possibilities, using a 
substructuring approach similar to that used for columns 
under partial plastificatlon. 

NONLINEAR FRAME ANALYSIS 

All of the indi vidual models described above are organized 
into a plane frame analysis program that allows combined 
gravity and wind loads . The loads are defined independently 
in terms of generic surface pressures over decks and cladding 
areas . Then they are applied -' to the frame according to 
tributary areas and user-defined gravity and wind load 
aultiplier histories. The overall analysis proceeds in 

• 
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user-prescribed load-step incremen~s . using a secant-stiffness 
formulation . When convergence 18 dlfficult (e.g. , when 
approaching the collapse load), the program can automatically 
backstep and re-continue with reduced load step sizes . Results 
are played back through high resolution graphics sequences 
of displaced shapes to facilitate the identification of 
modes of collapse and progressive collapse scenarios. 

RESULTS 

Comparison of Frame Capacity to Test 

The above prog r aM vas used to analyze a frame that was 
experimentally loaded to collapse at Lehigh University 
(8) in order to corroborate its accuracy . It was necessary 
to include the nonlinear beam-column model and the rigid 
panel zone models to simulate the behavior of the rigid 
frame that was tested . Compartson of results showed that 
the analysis predicted a collapse load within 4% of that 
observed in the test results . Moreover, the sequence and 
pattern of cross-section plastifications were well predicted 
by the analysis. 

Comparison of Frame Analysis to ANSYS 

At the time of program completion , no experimental results 
were available for flexibly-connected frames . However a 
complete independent analysis check was performed by analyzing 
a flexibly-connected frame using the ANSYS nonlinear finite 
element package (9) . Good agreement was observed . 

APPLIC ATIONS 

The major use of the above described program has been 
as a research tool for evaluating the adequacy of frames 
designed as Type 2 Construction . The most significant ne w 
finding that can be directly attributed to the program 
ie the unsuspected mode of failure of most Type 2 frames 
in the ao-called " zipper mode" of collapse (10) , wherein 
the leeward column stack undergoes extensi ve plasttfication 
just prior to the onset of overall frame instability . This 
.ode of frame failure occurs at load factors below those 
associated with the classical story shearing modes presumed 
in "rational" stability analysis approaches such as used 
in generating the effective length nomogfaphs. Inadequacies 
of such design approaches have been remedied in modified 
design procedures that have been proposed as a result of 
studying the analysis results of both the original designs 
and modified re-designs (11). 
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ABSTRACT 

A realiltic alle.lment of the frame behaviour require. the influence of 
Joint flexibility to be taken into account in the analyall. The numerical 
approach highlighted in this paper make. u.. of ~. finite element 
technique. A beam-joint element was formulated. in ~hlcq botn joint 
deformation and joint finite dimension. are allowed tor. The method ~. an 
extension of • highly refined formulation, previoully developed for 
rigidly jointed frames. The validation of the approach ha. been obtained" 
against available experimental data. 

INTRODUCTION 

The significant influence that joint flexibility may have on the 
performance of framed systems has been recognized since the early 
developments of modern structural analysis. Numerical methods which 
include this parameter in frame analysis were available more than fifty 
year. ago [1] and approaches more and more refined were then developed 
12]. Recent studies have indicated that desi;n methods rec09nizing the 
joint .emJ~rigid frame action may allow an improvement in the cost 
etfectivene.. ot the .tructure. due to a possible better balance between 
material and labour costs. Furthermore, the degree of flexibility of 
joints. usually modelled as rigid, may in lome ca.es non neqligibly affect 
the frame safety level. The interest in the semi-rigid frames as a 
realistic d.si;n alternative has th.n significantly increased. However, 
studies are .till necessary to thoroughly understand how joint behaviour 
attects frame response. This knowledge should enable us to develop 
.ensible de.i9n criteria and methods. 
Sophlsticated numerical approaches need to be set up in order to take into 
account all the parameters governing the behaviour of frames with semi~ 
rigid joints. Several methods have been developed very recently [21. which 
make use of models at different degre •• of refinement for simulating the 
joint and/or the member response. 
Th i s paper intends to highlight the basic aspects of • numerical method, 
in tr.e frame of the fin it. element technique. which adopts a particular 
formu l ation 13} allowing for a combination of a refined modelling of the 
material and geometrical nonlinearities with computational effectiveness. 
In particular, the spreading of plasticity through the cross section and 
along the member is taken into account. This formulation was proved to be 
hi;hly accurate in the case of steel frames with rigid joints [4.5.61. 

238 



239 

A joint-beam element was developed, able to take into account both the 
joint nonlinear behaviour and the joint finite dimen.iona. 
iVo different solvinq Itrategies were adopted in order to optimize the 
co.puter time with rererence to the c.... of proportional and 
nonproportional loading path •. 
Several comparisons to available experimental result. are alao reported 
and some conclusion. on the accuracy of the propos.d method drawn. 

JOINT-BEAM ELEMENT MODEL 

A joint-beam finite element mod.l was developed, suitable tor the analysl, 
of .emi-rigid frame. (FIg. 1). The main characteristics of the mod.l are 
highlighted here; detailed presentation is reported in (7] 
The model Is conceived .s an ••• emblage of three different parts : 

• central nonlinear beam-column element 
two connection element. 

- two rigid bars 

'" u u'~2~§f~~~E:::::::::::~::::::::::~ 

Fig. 1 a) Joint-beam element. 
b) control point. over the central beam element. 

Central nonlinear beam element 

The material costitutive law, characterized by a bilinear behaviour with 
cyclic hardening, is described by the following relation.: 

°l · 
.!l · 
~ ~ Q 
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E 1s the Young's modulus of the mater,.l and 0y ltl yield .tr •••• ptis the 

plastic part of the total strain (expressed al the ditterence of two non
negative and non-decr ••• ing plastic multipliers ) , c, 1. the thermal part 

of the tot.l at rain and 0rt is the value of relidual Itress. htls an 

harden in; matrix . X Is • value related to the slope of the hardening 
branch and tactor ~ il a constant to de tine the t~ of hardening rule and 
may vary from 1 (kinematic hardening) to -1 (isotropic hardening). VectOr) 
!tand nt

ere conltanta and ~tand !t are the vectors of plastic multiplier. 

and yield function.. For simplicity, but without lack of generality, in 
the following the matarial Is suppo.ed to be el •• tic perfectly plastic. 
without thermal Itraina and residual stre •• es (this mean. K • to • a . - 0 ) 

l r. 
The central beam element is suppos.d to be of constant cro.s section. Its 
centroidal axi. i. denoted by x and .ymmetry about z axis is assumed 
(F1g.1) . If the shear affect. are neqlected, a. in the classical beam 
theory, the elongation 6(x) and the curvature X(x) of the beam may be 
a •• umad as generalized .train component. governing the deformability of 
the cro ••• ection x. The axial force Hex) and the banding mom.nt H(X) are 
the corre.ponding generalized str.s.... Let vector. q(x) and Q(x) be 
defined a. follow.: 

where: 

6 (x) 

9b(X) • Ix (x) ' 

6 (x) • du / dx 
. , 

xIx) • d v / dx 

(2 •• b) 

(J •• b) 

Th. .train i n the x direction. denoted by t. i, a •• umad to vary linearly 
with z •• 0 that: 

t (x,z) - 6(x) - z x(x) 14) 

The model i. basad on the independent modelling of the di.placement. 

(u(x), vex»~ and of the plastic mult i plier. ( At.(x,z), At_(X , Z) ). 

The di.placement. u(x) and vex) (collected in vector Yb(x) ) are modelled 

•• function. of the nodal parameters Y by mean. of the following relation: 

~Ix) • ! Ix) ~ (5) 

where '(x) i. a matrix of .hape function •. 
Note that, if all the spring. are active, only the fir.t .even of the 
thirteen degree. of fre.dom of vector u (Fig. 1a) are necessary to 
completely define the displacement field.-otherwi.e, if .everal spring' 
are fixed, a .lava condition on the relavant displacements i. impo.ed and 
the r.lation i. modified by mean. of a conden.ation proc ••• . This w •• 
• hown to be nace •• ary to avoid any ill conditioning of the .lement 
.ti ffn... matrix due to the introduction of fictitiou.ly high spring 
.tiffn •••••. 
One. aq •• (5) are d.fin.d, the strain di.tribution in the .l.ment i8 given 
by eq. (4) and (3). A con.tant di.tribution of 6(x) and a parabolic on. 
tor tha curvature X (x) i. obtained becaus. of the introduction of 
param.t.r Uf. It i. an additional displacement paramet.r a •• ociated to • 

fourth order function that p.rmits the use of • limited number of element 
even in the pr •• ence of geometric nonlin.ariti~. (4,5). 
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Th. plastic multipliers are modelled, indipendently of the 
on the ba.. of their values at an established number of 

within the element and over the cro •• sections (Fig.lb). 

displacement., 
pointe (X j ,zh) 

To obtain an accurate modelling of the plastic zon •• it I, often nec.ssary 
that the distribution of pl.stic strains (p(x,z» be controlled at • large 
number of point.. This ~ld produce a lack of compatibility between 
plastic and total strain distributions that cau ••••• It equilibrated 
strels., in the isolated element subject to pl.stic strain. only. The 
procedure proposed In (3) I, adopted to avoid the pre •• nce of thes. 
spurious terms. This i. equivalent to an assumption for the distribution 
of N(x) and H(x) along the element that be consistent ~ith the assumed 
displacement model. For this reason N(x) is constrained to be con.tant and 
"(x) to vary parabolically along x . The coordinates of the control pointl 
are those used to calculate an integral over the element volume by meanl 
of Gau .. ian Quadrature Rule.. For doubly Iynnetrlc cro ••• ections the 
values of zh are reported in (41. 

The above de.cribed relations toqether ~ith eqs.l are combined to obtain 
the beam elaltic-plaltic set of relations: 

Ilt,(x) • ~( 9t,(x) - 2b(X) ) ~(x) • !Vb(X) 

~(X) • ~ Ilt,(x) - l!tA,(x) - !t, 
• to . t • 

~S l! ; I!t,~ l! ; ~ I!t, • .!.b I!t,. 0 

(6a.b) 

(6c) 

(6<1.9) 

The expreuionl of matric •• ~, ~, hb and It, may be found In (7) • 

Connection elements 

Three 'prings are located at each end of the beam to limulate the actual 
behaviour of the joints. 
The piecewile-linearized cyclic costitutive law. governing the elastlc
plastic spring behaviour are described by the follo~ing relations formally 
identical to the beam one.: 

2 •• ~.( S.- 2.) ; .2s• n A (7a.b) -s ...,. 
• • nt 2 - h A . r (7c) -s -s . -~ -s 

i ~ l! • t i . ·t • 
0 (7d.9) • S 0 • A ' -s - -s -s ... -s .... 

Where and Ss are vector. collecting the axial. Ihear and bending 

stresses and strainl of the springs. ~s is a symmetric. politive definite 

matrix 
account 

collecting 
po.sible 

the elastic spring stiffneslel that may .110 take into 
coupling of springs, and h.i •• Iymmetric hardening 

matrix. Without lack of generality, Koiter's hardening rule ~al adopted 80 

that h. becomes a diagonal matrix. 

Rigid bars 

Two rigid barl are located at the ends of the beam to account for the 
actual location of the joints. 
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Eo. 

Fig. 2 Spring cyclic cOltitutive law. 

Frame problem 

Atter a usual a •• emblage procedure. the entira IYltem ralations may be 
obtainad 

! • K u - ~>.! (Sa) 
~u-

! • K u--AU- !\~~! !! (Bb) 

~ ~ Q ! S Q it! · t · . !! . 0 (Be,!) 

Where ~ and r ara the •• sembled vectors of nodal displacements and forces. 
! 11 • vector of pl.ltit multipliers ; ! 1_ • vector of plastic potentials 
of the lame dimension of ! . ! Is a vector of positive constant., !UU Is 

the usual al.'tic ItiffneSI matrix while ~AU· ~.nd !>.>. ara constant 

matric ••. Such ••• t of equations I, linear in the fra. parameters y and! 
and must be respective to the 11gn restriction. and to the complementarity 
condition. (eqa. Be . f). The problem may be solved by mean. of well known 
algorithma of mathematical programming or. as an altarnatlva, following an 
lncremental procedure. Two different incremental solving strategies were 
adopted. In the case of proportional loadinq the step amplitude i. 
automatically calculated by the program while in the presence of non 
proportional or cyclic loading paths the step amplitude is tmposed by the 
user. 
In the case of non negligible geometrical nonlin.aritie. the .tiffnes. 
matrix i. modified by the use of a geometric .tiffne •• matrix (5). The 
structure ot the relations remains the .ame and the above mentioned 
solution procedure. are still adequate but .ome iterations must be 
i ntroduced in the .olution of each step. 
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COMPARISON WITH EXPERIMENTAL RESULTS 

The finite element approach to the nonlinear analyalt of 'ami-rigid frame. 
i. an extenaion of a general formulation already validated (4.S.6) for the 
ca.. of st •• l frame. with rigid joints. Itt verification ag~n.t 
experLm.ntal result. 1, nevertheles8 necessary in order to check the 
d~r.. of accuracy of the model adopted for timulatlnq the jnint 
behaviour. Telts aimed at pointing out the .emi-~19id frame action In the 
inelastic range were conducted recently and r.pr ••• nt a vvry us.ful 
benc~~k for the validation of a numerical method . In tact. data related 
to a •• ri •• of atability tests carried out on col~, auba •• emblag •• under 
nonproportlonal loading [81. and to experiments conducted on a lJmited 
number of away frames .ubject to cyclic lateral torc •• [91 , allow a 
thorough check of the proposed formulation. The tormer set at experiments 
mak.. it possible to verity the capability at the method to predict the 
structural response , with reference to the complex interaction between 
column, beams and joints and to its influence on column stability. The 
latter experiments enable a vorification or the •• sumed joint cyclic 
law. 
The geometrical confiquration an~ the general loading and cestraint 
conditions of the column subassemblaq8. tested. by Devison and N.t.hercot 
are reported in fiqure 3. Tne 'ame column and beara seetiont: were used 
throughout the .eries. Tests differed tor the type ot beara to column 
connection, the loading and loading hi.torl and the exis ot column 
bending. Instrumentation ot the aubassemblage allowed to meaaure, or to 
determine, the governing mechanical and geometrical parameters. 

OOLllMM AXIAL ro~ .. AT OOLlAPSt ( J.M I ....................................... 

+------+------+------+--------+.-------+---------+ 
: !lIT :UMD. -:cnor.+: .. : M : !RROA \ : 
: :UIS: : m-. : up: : 
+------+------+------+--------+--------+---------+ 
: JT2 :. we: "S.10 : "S.17 : -1.59 \ : C=Conn.cUon 
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+------+------+------+--------+--------+---------+ 
:m • Fe : 411.00 : 526. 40 : -8.62 \ : 

: ITt : _ _SC : 491. 40 : 511.25 : -S.lS \ : 
+------+------+------+--------+--------+---------+ 
!1t'9: _ rIP : 484.60 : 4&6. 49 : -0.39 \ : 
+------+------+------+--------+--------+--.. -----+ 
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nP • rLllSK un PLAn • 
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The.. data were made available to the author •• in the frame of a joint 
research programme , and a thoroug~ comparison between numerical and 
experimental result. wal carried out and i. reported 1n (10]. Some reault. 
are pre.ented 1n fiqure 3 where allO the mesh adopted in the analYli, i. 
plotted. The moment rotation curves determined in Sheffield in a previous 
•• ri •• ot connection t.ata were adopted. 
The table ot fiqure 3. gathers the valu •• of the ultimate axial load N in 
the column. The numerical analysis leem. to predict the ult~t. column 
Itren9th with •• tisfactory accuracy; the error. are 1n all c •••• lower 
than 9\ In absolute value. The suitability of the simulation method to 
predict the .ub •••• mbl.;. response Is confirmed by the comparilons related 
to mldheight deflection of the column (fig. 3c) and the variation of the 
moments at the top end of the column (fig. 3d). The good agreement between 
the numerical and exp.rimental analysis through all the loading proces. il 
apparent. pointing out the capability ot the method of evaluating the 
overall Itiffn... and the stress state of the ayatem in both the elastic 
and inela.tic range.. Uncertainties on actual joint behaviour and on 
possible eccentricities of the applied axial load can well explain the 
differenc.s. 
The constitutive law aaaumed for the connection spring element. based on 
the Koiter's hardening rule. do not account for the possible cyclic 
degradation of the joint elastic stiffn •••. A check against the result. of 
a cyclic test by Stelmack [9} was then made. The connection behaviour was 
represented by a non symmetrical law. ba.ed on the .xperimental mea.urad 
response. Some r.sult. ara present.d in figur. 4 relat.d to the lateral 
frame drift and the performance of the top right connection. The affect of 
neqlecting the stiffness degradation is appar.nt in both plots. Howev.r. 
the aimulated frame response shows a satisfactory agreement with the test 
behaviour . although frame deflections and joint rotation may be 
underevaluated al.o significantly. Anyway, it should be considered that 
the check i. severe becau.e the stiffn.s. degrading is particularly 
substantial for the top and seat angle connections used in the teat. Theae 
result. seem to confirm that the assumed joint law. though s~ple. may be 
sufficiently accurat. also for cyclic analysia. 

CONCLUSIONS 

A aophisticated and computationally effactiv. method of analysis wa. 
pr •• ented and discuaaed. The approach p.rmits an inclusion of the joint 
nonllnear behaviour and the joint finite dimen.ions in the analyais, 
be.ide. the spreading of plastic zone. in the member. and the geometrical 
ettects. 
The validity of the method wa, checked again.t experimental results and 
its adequacy to predict the response of semi-rigid frames was pointed out. 
Possible limits to the present formulation with regard to the cyclic 
modelling of the joint behaviour are also highlight.d. 
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DISCUSSION 
~ 

FRAME ANALYSIS PAPeRS 

It is evident that the methods of frame analysis have advanced to 
the stage where all significant parameters can be taken into account, 
although the computer programs are still mostly research tools . This was 
addressed by several speakers and discussers, and it would appear that 
the development of additional design -oriented programs Is critical in 
the acceptance and use by the profess ion of the principles of frames 
vith semi-rigid connections . 

Second-order geometric effects (P-Delta) were considered by all of 
the frame analysis methods that were presented . It was noted that the 
magnitude of the P-Delta contribution for many frames can run as high as 
20, when end-plate connections are used ; it may be substantially 
higher vhen more flexible connections are used. Hovever , the designers 
that have made use of semi-rigid concepts in frame design reported that 
it vas still possible to achieve economical solutions, but the frame 
drift is almost always the controlling factor . 

A separate report was presented on a comparative study of various 
frame analysis approaches that are currently in use in Europe . Despite 
differences in modeling, such as in the way the global response of the 
connection vas treated, the use of discrete plastic hinges vs . gradual 
spread of plastification, and so on, the results of the various programs 
for several types of frames correlate very veIl . This would seem t o 
i ndica te that as long as first-and second -order material and geometric 
effects for the members and the frame are taken into account, along with 
a connection element that reflects a realistic K·~·relationship, the 
final results will not differ appreciably. For the moment-rotation 
relationship it may even be acceptable to usa a very simple bi -linear 
form, as long as it is not unconservative relative to the real form (for 
example, the initial stiffness value should ba close to that of the 
actual connection) . 

Numerous points were raised as regards the use of composite girders 
i n the frame, and how to incorporate partial composite action , composite 
connection effects, reinforcing steel in the slab and around the column . 
and so on . For example, it vas pointed out that research leading to the 
development of the composite girder criteria of Eurocode EC·4 had 
demonstrated that for long spans (up to 20 meters (67 feet» with a low 
degree of shear connection, significant deflection problems could be 
encountered . However, it vas also noted that the increased stiffness of 
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• composite &lrder senerally l.ads to the use of .... ll.r ste.l shape, 
with the result that a shallower, more flexible b ... -co-column 
connection Is utilized. Thus, the expected benefits of uslna the 
incr •••• d atlffn... of composite ,irdars .. y not b •• s substanti.l .s 
orl,lnally thought, but it 1. alia clear that further r •••• rch work 
n •• d_ to addre •• these questions. 

Several discussers noted the importance of the incr ••• ed connection 
stiffn ••• that results when .lab continuity Is achieved (through the use 
of relnforcins steel bars) . In the saae vey. it was reported that 
current studi.. of composIte connection effects have shown that 
connections with very low stiffn •• s in bare steel fram.. (double web 
angles, for example) are capabla of providing significant local 
restr.int when composite action is accounted for. This is clearly an 
area where additional research i$ needed. 
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ABS'l'llACT 

This paper summarizes the results of experimental investigations on 
the behaviour of steel column base connections. The connection is made of 
• steel base plate welded to the lower end of the column and attached to 
the footing by me&ns of two or four anchor bolts. It 1s 88nerally admitted 
in analysis that this type of connection behaves l1ke a hinge. However, 
two totally different series of tests indicate that the base connection 
behaves more like a fixed connection. 

IIl\'IIOOOCTlOli 

It i. common practice in North America to consider column base connec
tions as either pinned or fixed to the foundation in calculations. Por a 
perfectly fixed base connection the flexibility ratio at the column base 
(ct) i. equal to 0.0, that is the concrete footing i. infinitely stiff •• 
compared to the column {G· t (column/beam) rigidities}. The flexibility 
ratio is equal to infinity for a perfect hinged connection. In the Cana
dian Standard S16.1-H84 [1], the recommended value. are Gt • 1.0 instead of 
0.0 for a fixed connection to account for the difficulty of obtaining 
perfect fixity, and ct • 10.0 instead of infinity for a hinged connection 
to account for the fact that there alvay. exists a certain amount of 
rotational restraint in a hinged connection. 

The column effective length factor (l) used in the evaluation of the 
column capacity is obtained from appropriate alilnment charts. The theore
tical relationship between the effective length factor and the nondLDan
sionalized rigidity of the base connection i. shown in lig. 1 for a column 
that is pinned at the top. The nondimen.ionalized riaidity (R) is the 
inverse of ~ which is a function of the rotational flexibility of the ba.e 
connection ( A : flexibility factor). It i. important to point out that the 
curve drops ste.ply for lov values of R, which mean. that near fixity 
condition. are obtained at relatively low valu •• of column base connection 
rigidity. 

252 



253 

1. 1 

c 
1.0 -1"",. f--

I 
1 

" L, 

! 0.9 ~ .;~1 I--
~ 

t c 

~ -
0.1 

o 2 <4 6 8 

"'t,dl', of the bOle COMeCt'on, R· t 
Perledly hinged oonnedIon: G L. - R. 0.0 

Standald Sl6.1-M84: Gc.l0 R.O.l 

Pe~edIy lixed CX>mOdbn : GL-O R.oo 

Standald S16.1-M84 : Gc .1 .0 R.l .0 

0.7 

- I 

K .1 .0 

K. 0975 

K. 0.7 

K.0875 

FIg. 1 -- Effecllve length fector as a function 
of the rIgIdIty of the column base connection 

To evaluate ~ for a partIal base restraint the f ollow1ng t heor et ical 
equation , which appl i es to non· sway conditions ",a. suggested (2}: 

2£lc (8) 
GL :---: 

Lc M 
(I) 

In th i s equation, elH, which is the inverse of t he slope of the mo
ment-rotation curve. represents the rotational flexibility of the base 
connection (A) and can be obtained experimentally. The rotation (6 ) is the 
sum of the rotation betveen the footing and the surround1n. solI and t he 
rotation between the column base and the footing_ When the column is free 
to ."'.y. the factor 2 is replaced by 6 in Eq. 0). When Ie· Iy and ).-.\y 
the Gt value obtained from Eq. (1) relates to the column weak axis (Gty). 
The Cue value 13 computed with Ie • Ix and ),·). x' 

The objective of this paper is to present the results of an experimen 
tal research project dealing with the behaviour of • slmple standard column 
b.se connection frequently used in practice. The project was divided in 
t wo parts . Buckling tests wer~ carried out on I section columns to check 
the adequacy of Eq . (1) and to study the stabili£ing action of the base 
connection [3]. Flexion tests and compression - flexion tests were perfor 
med on column stubs to study the behaviour of the connection itself and t o 
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determine the i nf luence of the axial ~9mpression load on t he rigidity of 
the base connection {A,S} . 

BIlCILING T1!STS 

Espert.ental Program and Procedure 
Nineteen buckling tests were conducted on I section columns of 5 . 5 m 

in length. hinged at the top and connected to the footing as shovn in Fig . 
2. In two of these tests, a special set-up was designed to simulate the 
rotation of the footing on the soil. By means of a centrally located 
roller and calibrated springs placed at the four cor ners of the concrete 
footing, it was possible to simulate the rotation of the footing on loose 
sand which is considered as poor soil condition . The main variable of the 
tests was the imposed differential displacement of column ends which were 
applied about the x or y axis. C, 

Bose plole I $hoped column 

,- -, 
, 

0 ) Pion /II'W b ) S id6 V/~W 

Fig. 2 •• Typical column base connection 

The rotation of the steel column near the base plate was measured with 
LVDTs and the bending moment with electrical strain gauges. Lever arms 
welded to the lower end of the column were used to amplify the displace
ments measured by the LVDTs [3). The rotation of the column was easily 
calculated from these measured displacements. In some tests , the rotation 
and the bending moment were also measured at the upper end of the column to 
evaluate the small restraint offered by the upper pinned connection. This 
small restraint was taken into account in the analysis of the test results. 

Column initial curvatures were carefully measured before each test. 
Every significant parameter such as applied axial loads, moments and rota
tions at column ends , lateral deflections at mid-height , and rotations of 
the footing were recorded during the tests. The electronic data acquisi
tion system was capable of recording up to twenty different measurements in 
less than forty milliseconds . 

Buckling Tes t s Results 
In these tests, all columns buckled about the 

t ical point of view , the main conclusions that 
tests may be summarized as follows. 

weak axis. From a prac
can be drawn from these 

(a) For weak axis bending, the measured rotational flexibigity at the 
column base ( ~ - O/K) ranges from 45 x 10-6 (KN.m)-1 to 484 x 10- (KN .m)-l. 
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With these minimum and maximum values of the flexibility factor, Eq. (1) 
gives 0.018 s Cy~ s 0.196. The effective length factor is then equal to: 
0.71 s ~ s 0.76. As shown in Fig. 1. these values are lover than the 
recommanded values in Standard 516.1-H84 for a fixed connection (~ • 1.0, 
K· 0.875). 

(b) Since the base connection behaved more like a fixed connection 
that a hinged connection, the measured buckling loads largely exceeded the 
theoretical buckling loads obtained for a pinned base column. The deformed 
shape of the buckled columns revealed the presence of a significant rota
tional restraint at the column base. 

(c) For the tests where ~ values were measured at both ends of the co 
lumn, the measured buckling loads ~ere 5.8% to 17.2% larger than the pre
dicted buckling loads based on the measured A values. It seems therefore 
that Eq. (1) used to evaluate Guv and Gty gives acceptable results. It 
should be noted that in practical cases where the connection at the top of 
the column is considered as pinned. the rotational restraint of the top 
connection is larger than the rotational restraint of the mechanical device 
used for the tests. 

(d) The moment-rotation curves of the column base plata connections, 
for weak axis bending. measured during the buckling tests, show that the 
connection behaves elastically and the rigidity is constant as long as the 
base plate remains in full contact with the footing. A most interesting 
observation is that separation is initiated only after buckling when the 
bending ooment becomes large with respect to the axial load. This was the 
fact in all cases even when large relative displacements of the column ends 
were imposed . 

~r---'----r---'----r---'----r---'----r---' 

30 1--+--+1-11 _.---t--...L---t---t---t--+--
~ I Mil - 26.0 kN ·m~ 

~51----1---{A--+-~_-i-~+==F==:i==-1 
! / ~ 
~. 20 I----t-.......,L-I,.,;/"--t-1--+--__+----1---+----.-

I" 1---+-_.' V, ~lin. 14.!kN.o.m"_+--+--+--_+-----__1 r iCe,. . '53 kN I 
! I I I 
~ 101---+-rL=., Mer - 9.4 kN.m-+---+---f--- +------ --! 

I (Cer - 480kNI 
51---+1/1 --r--t--~.-+_-+_-t_--r_~ 

o~---I----+---4----~--_t_--+--__+----r-~ 
~ - 81M - lnlllO-'(kN.mf' 

Fig. 3 Typical momdnt·rotatlon curve measured at the 
column base . 
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This conclusion is illustrated in !ig . 3 which shows one of the mo· 
oent·rotation curves measured during the buckling test.. The moment 
dev.lopped in the bas. connection at buckling (Her) wa •• .aller than ~ 
linear It.it (HLin ) in all tests. Consequently the connection vas behaving 
elastically at buckling. Horeover , since the base plate remained in con
tact with the footing, the presence of more anchor bolt. should have a 
liaited influence on the behaviour of the connection at buckling . 

Another interesting observation can be made from FIg. 3. At ultLaate. 
the base connection developed 78% of the plastic moment capacity of the 
column about the weak axis (Kny • 33.3 kN.m). This i. quite a large moment 
for a lenerally considered prnned connection. It seems therefore appro
priate to provide a welded connection capable of developing Mpy between the 
base pla~e and the column. 

(e) Buckling tests with a special set-up designed to simulate the 
rotation of the footing on the soil. have shown that no significant rota
tion of the footing occurred even though very poor soil conditions were 
sloulated. The moment developed in the column base connection at buckling 
and even after was too small to force the footing to rotate. 

LOCAL BI!IIAVIOUR OF TBI! CONIIECTION 

P.xpe.r'--enul Prolraas 
Two serles of tests were carried out on column stubs to study the 

local behaviour of the base plate connection [4,5]. In this short paper, 
it i. not possible to present the full extent of the experimental prolrams 
and procedures. The reader is therefore referred to the published papers. 
The presentation will be limited to a brief description of some aspects of 
the experimental programs. 

The main purpose of the first series of te5ts was to determine t he 
fixity factor of the base connection for strong axis bending (Yx) and to 
study the influence of the axial compression load on the fixity factor (4). 
The measured moment-rotation curves were used to determine lx' 

As explained later, the fixity factor is used for linear analysis of 
flexibly connected steel frames. The fixity factor of • connection is 
given by [6]: 

y ; _---.,.:,1;--:-_ 
_ J_E_I c,,-A-,o:... 1 • 

Lc 

(2) 

When considering column base plate connection , ~o i. the rotational 
flexibility factor at the base plate level. The fixity factor varies from 
zero for a perfectly pinned connection ( Ao-· ) to unity for a perfectly 
riaid connection (Ao - 0). When Ie - Ix and Ao - Aox the y value obtained 
from Eq. {2l relates to column strona axis (Yx)' In the first series of 
tests, AOX was obtained experimentally ~ith and without axial load acting 
on the column. The experimental program comprised 15 specimens tested to 
failure: 7 flexion tests and 8 compression-flexion tests performed on 1220 
mm long column stubs. 
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The -ain purpose of the second series of t.ats w •• to det.raine the 
influence of the axial compression load on the value of ~ obtained from 
Eq. (1). Since the buckling tests have shown that the base connection 
behaves elastically when buckling occurs, the moment-rotation curves were 
measured in the elastic range. Each column vas tested at six, seven or 
eight axial load levels and was bent successively about both principal 
axes . Hore than ISO moment-rotation curves were obtained from tests per
formed on 1000 mm long column stubs {51. 

Main Conclusions of the Test. 
The results of the first series of tests have clearly shown that the 

flexural stiffness of the hase connection is a function of the applied 
axial compression load in the column. A significant increase of the fle
xural stiffness was observed when a compression force was applied to the 
column. The test results also indicated that the fixity factor of the base 
connection tends towards. limit value when the axial load in the column 
increases. It was found that 0.517 s Yx s 0.873 for 0.24 ~ ~ C ~ 0.45 Cyo 
where C is the axial compression load in the column and C is the nominal 
axial plastic capacity of the column (Cy • APy where A is lhe area of the 
cross· section and Fy the yield stress). 

o o • 
" 

I • •• CI C, . ... 
•• 

FIg. 4 - VarIation of G L with axIal load . 

.. 
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The axial compression load has also an effect on the slope of the 
moment-rotation curve. When the base connections vere not subjected to an 
ax1al load , the .... ured moment-rotation curves vere nonlin •• r almost from 
the start of loadins. The slope of the H~ curves decre.sed continuously 
with the applied moment. In that case the rotational flexibility factor 
(A. e 1M) and the fixity factor (y) are not constant. With an axi.l com
pression load in the column the measured moment-rotation curves vere linear 
at least up to 70% of the maximum applied moment. In that case , the flexi
bility factor and the fixity factor are constant for a large loading range. 

Host of the results of the second series of tests are summarized in 
Table 1 and in Fig. 4. The mean values and standard deviations for ct. 
evaluated at different axial load levels for weak axis or strong axis 
bending. are given in Table 1. Each mean value given in that table LC,. 
(50%») is the average of five measurements and the standard deviations (SJ 
were cooputed with the unbiased formula. The C1_ values having only a 5% 
chance of being exceeded , assuming a normal distribution, are also given in 
t.he table. 

TABLE \ 
St.atistical parameters of experimental ~ values 

GLX(50Ij 5 Gu(5I) ~y(50I) 5 ~y(5I) 
CICy 
(%) Test series A (w \50 x 30 column section) 

17 .6 1.37 0.\9 1.68 0 .32 0.07 0.44 
22.0 1. \4 0.23 1.52 
26.4 0.98 0.2\ 1.33 0.24 0.05 0.32 
30.8 0.23 0 .02 0.26 
35.2 0.76 0.1\ 0.94 0.20 0.03 0.25 
39.6 0.70 0.\0 0.86 

Test series B (w 200 x 36 column section) 

\4.6 2.62 0.39 3.26 0.33 0.09 0.48 
21.8 1.80 0.26 2.23 0.25 0.05 0 .33 
29.\ 1.33 0.\5 1.58 0.20 0.04 0.27 
36.4 1.09 0.\9 1.40 0.\9 0.02 0.22 
.. 0.0 0.94 0.07 1.06 O. \8 0.03 0.23 

Fig. 4 shows that GL at first decreases rapidly with the axial load 
but tends towards a limit value. For weak axis bending, the value of GL is 
almost constant when the axial load is larger than about 30% of the axial 
plastic capacity. In practical situations , the column buckling load is 
larger lhan 0.30 Cy . 

The bas. connection of 
pinned and the recomemnded GL 
Tabl. 1 are much lower than 

the type studied is generally considered as 
value is 10.0 [l}. All GL values given in 

10. The test results indicate that for weak 
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axis buckling a conservative value is ctv - 0.50, and for strong axis 
buckling Gtx • 1.50 . 1f there 1. no relative displacement of column ends 
(.vay·prevented condition) . In most practical situation., svay is 
prevented when considering weak axis buckling, therefore Ky S 1.0 . 
Accordina to lq. (1), where the ractor 2 is replaced by 6 when the upper 
end of the column is free to sway, GtV - 1.50 and Gtx • 4.50 for the sway· 
permitted condition. 

The effective length of the column is reduced when the flexural stiff
ne •• of the base connection is taken into account. Design examples show 
that the increa.e in column strength varies between 10% and 30% in current 
situations (slenderness ratios between 60 and 120). 

FIWU! ANALYSI S 

It is well known that connection flexibility affects the overall 
behaviour of a frame. As the connection flexibility increases. the frame 
response changes from shear-type behaviour to flexural cantilever beha
viour. Two approaches can be used to analyse flexibly connected steel 
frames: the linear and nonlinear approaches. 

The linear approach is well suited for current office practice since 
it requires only minor modifications of the commonly used displacement or 
stiffness method. This approach is satisfactory if the rotational flexibi
lity of the connections 1s almost constant from the start of 10adin8 up to 
the bending moment which corresponds to factored loads. In our opinion. 
the simplest linear method of analysis is obtained by inclusion of fixity 
factors at the member ends. The member stiffness matrices are then modi
fied by a correction matrix which includes the fixity factors (6). 

c Mru •••••••••••••••••••••••••••••••••••••• •••••••• 
~ 
o 
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kM, 
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MI. tnaltlmum mom,nl at the conntctJon due tne lactorea lOads 
obtained from the analysIs assurrwng perteclly ngod connec~lQns 

~I • deSIgn moment (k < 10) 

).. • ~nl rotabOnaJ 1""'bI~ly 
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Fig. 5 -- Llneerlset/on of connect/on behevlour . 
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The nonlinear approach is useq vhen the behaviour of the connection. 
of • frame is inelastic and nonlinear almost from the start of loading. It 
should also be used if the ultLmate strength of the frame and the condi
tions at failure are to be determined. In this latter case, three diffa· 
rent nonlinear effects should be considered: connection nonlinearity, 
member pl •• tifle.tlon and geometric nonlinearity 1.8d1na to member and 
frame instability . 

Since nonlinear inelastic analyses are too arduous for most designer. 
and unsuitable for design office practice, some representative linearl •• -
tion of the nonlinear connection behaviour should be adopted for d.slg" 
calculations. To linearise the connection behaviour, the secant rotational 
flexibility can be used . as shown in Pig. 5. The secant is a straight line 
from the origin to the point on the curve corresponding to the design 
moment (kHf)' 

The following design procedure is suggested. The structure is first 
analysed assuming perfectly rigid connections to obtain the maximum moment. 
in the connections. Since the connections are partially rigid . the •• 
mooents will never be reached. Then the desisner selects a percentage of 
the maxUaum ~nt to design the connections, for instance 75% (k • 0.75). 
As shown in Pia. 5. the secant rotational flexibility corresponding to the 
design =oment is obtained from the H-9 curve and is used to compute the 
fixity factor of the connection. linally the fixity factors of the connec
tions are introduced in a computer program. which incorporates the correc
tion matrices l7}, and the structure is reanalysed to obtain new bendinl 
moments . 
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If the bending moment in each individual connection i. smaller than 
the design bending moment (kHf ). the design is .atlsfactory. If the ben· 
ding moment 1s larger. the value of k should be increased. On the other 
hand. if the bending moment is much lower than the design moment, the valu£ 
of k should be decr ••• ed. Of course , this desiao procedure assumes that 
sufficient experimental information is available for the type of connection 
used 1n the structure. 

lig. 6 show. an example of linear analys.s considering fixity factors. 
The beam-to-column connections are assumed perfectly rigid (Yx· 1.0) but 
the column bas. fixity factor varies between 0.0 and 1.0. For the selected 
frame. the first-order horizontal displacement (d) may be expressed in 
te~ of the applied horizontal load (H). takinB into account frame Beorne
t~y and cross-section properties of beams and columns. 

If it is assumed that the column base connection is a perfect hinge, 
the horizontal displacement is equal to 0.7 times the horizontal load. If 
the fixity factor is equal to 0.25. the horizontal displacement is reduced 
by 43%. ~hen compared to the displacement obtained neglectinB base fixity. 
Tests have shown that Yx - 0.25 is quite a conservative value for a simple 
column base plate connection [4] . 

It i. important to point out that the curve d~ops steeply fo~ low 
values of the fixity factor. In other ~ords. the fixity factor does not 
have to be hiBh in order to reduce the lateral displacement and the corres
ponding s~ay effects in a siBnificant manner. The advantages of consi
dering the actual flexural stiffness of the column bas. connection is 
clearly shown by the results of the analysis of this simple frace. 

The test results summarized in this paper indicate that the flexural 
stiffn •• s about both principal axes of a sLmple column base plate connec
tion has • very beneficial effect on column stability and frame behaviour. 
With these results, the effect of base restraint can be accounted for in 
design. 

1. Canadian Standards ASSOCiation, Steel Structures for Building (Limit 
States Design). CAN3-Sl6.1-H84. Rexdale, Ontario, 1984. 

2. Nixon, C.D., The Design of Light Industrial Building. Ph.D. thesis, 
Dept. of Civil Eng .• University of Alberta, Edmonton, Alberta. 1979. 

3. Beaulieu. D. and Picard, A., Contribution de. assemblages avec plaque 
d'as.ise. la stabilit' des poteaux. Construction H~talli9ue, 1985. 
no. 2, pp. )-19. 

4. Picard. A. and Beaulieu D., Behaviour of a simple column bas. 
connection. ~C~a[n~.~J~o~u~rnll!a!1 __ o~f~C~1~v~1~1~2E~n~.[,. .• 1985. vol. 12, no. 1. 
pp. 126-136. 



5. Picard , A" Beaulieu . D. and 
Sicpl. Column Base Connection . 
14, no. 1. pp. 49-57 . 

262 

peru.s. , Bo, Rotational Restraint of a 
Can~ Journal of Civil Ens ., 1987 . vol. 

6. Honforton. C.R. and Wu . T.5. , Matrix Analysis of Semt-Rigidly Connected 
frames. AseE Journal of the Structural Divi.ion, 1963. vol. 89, no. 6 , 
pp . 13-42. 

7. Picard, A. and Beaulieu, D. , SUPR!H: logic!.l d'analyse des structures 
planes. Rapport CCT-8S-09. Cinie civil, Unlverslti Laval , Quebec , 1985 
( r.v. 1986). 



SIMPLIFIED DESIGN APPROACH FOR 
END-RESTRAINED COLUMNS IN FRAMES 

Reidar Bjorhovde 
Professor and Chairman 

Department of Civil Engineering 
University of Pittsburgh 

Pittsburgh, Pennsylvania 15261 
U.S . A. 

ABSTRACT 

Recent studies of the strength , stability and design of columns have 
focused on the need for giving a more accurate representation of such 
members as parts of realistic frames. In particular , the research has 
addressed the influence of the connections between the columns and the 
adjacent parts of the structure, recognizing the stiffness characteristics 
of the semi-rigid beam-to-column connections. The paper details one of the 
approaches that may be used to determine the buckling load of columns in 
frames , by taking into account the initial Stiffness of the beam-to-column 
assemblage. It is demonstrated that this property is crucial to the 
res90nse and ca9acity of the member . To facilitate the incorporation of 
the method into current design procedures , use is made of the effective 
length conce9t, modified to reflect the actual restraints at the column 
ends . Finally . it is noted that the solution is equally ap9licable in 
allowable stress and limit states design formulations . 

INTRODUCTION 

Research and develovment studies dealing with the strength and 
behavior of columns have been conducted for many years . Although the basic 
problem may appear to be relatively simple , the many factors that influence 
column stability make the topic a highly complex one. [n addition, 
solutions that apply to the individual column have limited applicability to 
members that Bre parts of structures . This is due to the interaction of 
all of the framing members and the overall response of the frame. For 
example. second order frame effects can be significant in a number of 
cases. 

The original solutions for compression members dealt with pinned-end. 
perfectly straight columns with elastic behavior, which were subsequently 
modified to take into account material and cross-sectional non-linear 
effects . Thus , the works of Euler, Engesser, Considere. Shanley, and 
Dutheil. among many others [ I , 1, are well known, and need not be 
reiterated here. Similarly, the advent of the computer made possible the 
incremental, iterative numerical solutions for the strength of members with 
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imperfections in the for. of residual stre •• and initial crookedness. This 
took place much later than the above investigation •• but the findings have 
now been incorporated into design standard. around the world [ 1.2,3,4 ]. 

Over the past several years it wa. recogni~ed that although the 
strength and behavior of the pinned-end column va. an important and 
convenient reference case, somehow the influence of the actual support 
conditions of the member should be accounted for. At the out.et it V.I 
felt that the releraining effects of the connections between the column and 
the ocher components of the surrounding Structure would be likely to raise 
the actual capacity of the member . Although the connections would respond 
in a manner that depended on their rotational Itiffness , it vas deemed 
realistic to expect that buckling could be delayed to a certain degree. 
even in the case of the most flexible beam-to-column jointl. 

Thi. paper viII provide a brief review of lome of the investigationl 
that have examined the capacity of columnl vith lemi-rigid end connectionl. 
The primary Itrength parameters are identified, along vith the development 
of a delian procedure that allovs the engineer to incorporate semi-rigid 
concept. into current methods of analysis. 

INDIVIDUAL COLUMNS WITH END RESTRAINT 

Before examining the behavior and .trenlth of end-restrained columns 
in framel, it i. important to understand the relpon.e of the individual 
.ember vhen a mealure of re.traint ia present at the end.. Specifically. 
this clarifies the parameters that influence the capacity of the column. 
as follows: 

(I) Restraint characteristics of the column end 
supports 

(2) Column length or slenderne.s ratio 

() Haterial and geometric i.perfections 

In the following the influence of these parameters will be explained in 
some detail. 

Restraint Characteristics of the Column End Supports 

For _ost practical purposes this identifies the influence of the beam
to-cotumn connection that joins the column to the adjacent structural 
elements. The most significant measure of its restraint effect is the 
.oment-rotation or H-6-curve, and Fig. I IhoWI reprelentative samples for 
some typical structural connectionl. In particular, the C-aeasure. as 
indicated in the figure, which reflectl the initial rotational restraiDt of 
the connection, i. important. This will be de.cribed in lome detail later; 
at this point it is sufficient to note that the connection stiffnes. 
provides the actual column buckling restraint. along with that of the beam 
to which it il also connected. 

A perfect pin ha. a C-value of 0 and a rigid connection provide. 
infinite reltraint. All real beam-to-colu~n joints lie .a.ewhere between 
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thea. extremes, with the siaple O~ shear-type connections offerin& a very 
Low moment capacity and stiffness. However, it hal been .hown that even 
luch connections can lend significant additional buckling .[reolth to end
restrained coluans [ 5.6 J. 

Moment 

H ~ ... "' Seat 
Aneles 

Shut' Plate 

Double Angle 

Conneccion Rotation. 4 

Figure I Some Typical Moment-Rotation Curves 
for B.a.-co-Column Connections 

Additional information regarding the influence of the connection 
stiffness on the column buckling strength i. provided by Fig. 2. Using 
data from a study of Nethercot et al . [7]. the figure shows the load
deflection curves that result when the same coLumn shape i. used with three 
different end connections. Specifically. the curvel represent the re.pons~ 
of a W-shape column with pinned ends . double angle connection •• and top
and-.eat angle connections. It is noted that the column in question had a 
sl~ndernesl ratio of 120. and an initial out-of-.trailhtne •• of L/IOOO. 
where L is the length of the member. The large .l~nd~rnels ratio is the 
priaary caule of the malnitude of the Itrength increasel. as will be 
discus.ed in the following section. 

Influence of Column Length 

The column strenlth studies have demonstrated clearly that the lonler 
the .eaber, the larger the relative strength increase that is created by 
having a semi-rilid end connection . In other word., for one and the .ame 
cros. section and end restraint. the lonler the member. the larger will be 
tbe percenta,e increa.e in the maximum capacity. Examinio, various types 
of beam-to-column connections. researchers have reported strength increases 
of more than 200 percent for certain very long columns [5.8]. However. it 
i, noted that these length. are well in excess of practical values. a. has 
been shown by other findings [«,9]. As a further illustration of this 
Observation, Fig. 3 gives the maximum strength column curves for members 
with three types of end connections, and the middle oC the SSRC Column 
Curves [1,10] is also included for comparison (it i. ba.ed on pinned end,). 
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( l&icth"'i;,hc l)Pflt"c:tion)/Tnitiul Deflection 

Figure 2 Load-Deflection Curves for Columns 
with Various Degrees of End Rescraint 

the vertical axis in Fig. 3 gives the relative maximum column accengtn. and 
the horizontal is based on the non-dimensional slenderness term . Also 
shown is the Euler curve, as well as the ranges of practical slenderness 
values for two common steel grades (yield stresses of 36 kai. 248 MPa and 
50 kai • 345 MPa) chaC are in extensive use in North America. Although the 
strength of the end-restrained columns is still signific.ntly higher than 
chat of the pinned-end member , it i. not on the order of the 200 % that has 
been indicated . Nevertheless , the benefits are clear, and advantage should 
be taken of this contribution to the performance of the structure. 

Effects of Residual Stresses 

Research has demonstrated that the end restraint effects are not as 
significant when residual stresses are present in the cross section [7]. 
Specifically , the strength lncrease that is prompted by the end restraint 
will be less for columns that buckle in the inelastic range of behavior. 

Effects of Initial Out-of-Straightness 

Studies have also shown that the end restraint effect is more 
important when the column is initially perfectly straight [7]. Therefore, 
for the more realistic maximum column strength models , which incorporate 
the influence of the crookedness (as well as the residual stresses), the 
benefit again viii be less than vhat has been reported, but it still 
valuable to include the contributions in some form in design approaches. 

END-RESTRAINED COLUMNS IN FRAMES 

The preceding discussion has focused on the various parameters that 
influence the strength of individual end-restrained columns. The studies 
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that led to these findings were cruci,l to [he complete understanding of 
the problem of the stability of such members, but only limited information 
wa. gained regarding the implementation of the concepts into design code 
formats. Huch debate was conducted regarding the potential for utilizing 
column curves in the design standards that reflected specific levels of end 
restraint, rather than having curves that were based on the traditional 
pinned-end members . The latter topic will not be addressed here, short of 
noting chac in North America it appears to have been decided that the 
pinned-end column will continue to be the focal point. This has been done 
on the express premise that although it is recognized that true pinned-end 
members do not exist in real structures. such a model reflects accurately 
the capacity of the member itself. and is not encumbered by the factors 
that are related to the overall structure. There are obvious advantages to 
this approach. especially when it is borne in mind that frame stability 
solutions can be provided that reflect the restraint conditions between the 
columns and the other structural components. The following section of this 
paper will detail one of the potential solutions that has been found to 
offer significant practical promise [6]. 

Rather than using complete second order frame stability solutions. it 
is preferable in many cases to utilize simplified methods that can account 
for the column stability through other devices. Among the latler, North 
American practice for years has relied on the effective length concept, 
which essentially transforms a column with real end conditions into one 
that is pinned-end, but whose strength is the same.s that of the real 
member. The procedure is well known, and has served designers adequately 
for some time. However, the assumptions of the analysis and the manner in 
which the effective length factor, K, is determined , have limited the 
applicabili ty of the concept to structures with well-defined end 
conditions . For example. the traditional K-factor solutions are based on 
rigid beam-to-column connections [I]. 

Research work by Chen at al. [5,8] provided a melhod for finding the 
effective length of individual columns with realistic beam-to-column 
connections at the ends . This solution al.o examined the effect of the 
beam stiffness on the overall column end restraint, and gave data on the K
factors for members with a variety of support conditions . However. it did 
not address the larger problem of determin ing the stability of the column 
as part of a frame. 

The simplified frame stability solution that make. use of the K-factor 
concept was developed from considering a subassemblage of an elastic frame, 
using rigid beam-to-column connections [I]. and considering the sway- and 
non-sway cases. The characteristic equation for the subassemblage 
incor porated the K-factor and functions of it, along with the relative 
stiffness distribution factor. G, given .s 

( I) 

where the numerator term expresses the combined column stiffness at a joint 
in the subassemblage, and the denominator gives the combined beam stiffness 
at the same joint. Briefly , Eq. (J) reflects the magnitude of the ~oment 
that will be transmitted to the column at the instant of buckling. 

Conceptually, Eq. () actually shows that the magnitude of the moment 
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chit i. transferred [0 the column is a function of the .tiffnes. of the 
re.trainins member or assembly. The higher the value of G. the more moment 
the column will be asked to carry. In the most extreme case the columns 
are infinite ly stiffer chan the beams (i.e. C approaches infinity), which 
means that the beams will transfer no moment to the column. This, in turn, 
i. an expression of the fact that the beam in this case cannot offer any 
stabilizing effect for the column. In other vords, a value of C equal to 
infinity indicates that [he column has a pinned end connection. 

In real framed structures the beams, wh ich have a certain bending 
stiffness EI and span L, are attached to the columns of [he frame through 
beam-to-column connections that have a certain rotational stiffness. The 
latter is given by the initial sLope of the moment-rotation curve , C, as 
illustrated in Fig. I. As shown by Bjorhovde (6], the combined rotational 
restraint of the connection and the beam that is attached to che column is 
given by the effective rocational restraint, C' . This is exactly the same 
as the denominator term in Eq. (I). but now revised to take into account 
actual restraint characteristics of the asseMbly. 

On the above basis it has been shown [6) that the stlffness 
distribution factor, C, for 3 realistic frame should be replaced by Cr • 
the end-restraint stiffness distribution factor. Equation (2) therefore 
takes the place in the effective length solution procedure, racher than Eq. 
(I). The former gives the expression for Cr as 

G .. 
LE~ I,I Lc 

and it i. noted that a single C. is used for each column end . 
for this can be explained a. follows : 

The reason 

Ca) Behavior of interior columns: In the general frame 
subassemblage. the beams are loaded and deflected a 
certain amount prior to column buckling. The connect
ions are therefore rotated a certain amount. As the 
column buckles, two of the connections will unload 
elastically (stiffness. C) and the other two will con
tinue loading, with a stiffness equal to the slope of 
the moment-rotation curve at a point equal to the beam 
moment before buckling took place. For the typical in
terior column, which has t wo beams framing into each 
end , this means that if the sciffness of the loading 
connection is ignored (which i. ulually a near-correct 
assumption, especially for low-moment joints) , then only 
one connection at each end will provide rotational re
straint. Hence, the use of a singh C" -value in the 
Gr -equat ion. 

(b) Behavior of exterior columns: Following the above eva
luation of the behavior of sn interior column prior to 
and during buckling, it is clear that when an exterior 
column fails , one end connection will load and the other 
will unload. In the solution procedure that was deve
loped [6] it was therefore determined that the values of 
Gr to use should be based on one C· at one end, and at 
the other end a pin could be assumed as the support. 
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It i. noted that in order for th~ above approach to be utilized, data 
for the moment-rotation characteristic. of typical bea.-to-colu.n 
connections .u.t be available. Such data collection efforts are currently 
underway in 8ritain and the United Statea. 

At this point in time the effective re.traint procedure that ha. been 
outlined .bove .hould only be applied to the delia" of columns in away
prevented frame.. The rea.On for this i, that further reaearch i. needed 
to resolve the que.tiona that arise with respect to the moment that i. 
transferred into the column from the beams in & away-permitted .Cructure. 
The latter ulea moment-resistant connections, and the _omenta that can 
develop are ,ub'tantiaIIy larger than those of the types of joints that 
have been described in the preceding. 

Design examples that have been worked out [6] show column size savings 
on the order of 5 to 15 percent. depending on the specific. of the member 
itself. 

SUMMARY 

The paper ha. presented an examination of the strength and behavior of 
columns with realistic end-restraint conditions. such .s can be encountered 
in framed steel structures. The individual column strength parameters are 
given. along with their relative influences. 

A solution procedure is given for finding the effective length factor 
for end-restrained columns in frames, taking into account the connection 
rotational restraint and the bending stiffneu of the beams. It is shown 
that this leads to th. effective rotational restraint, which in turn can be 
used in a traditional subssaemblaSe K-factor procedure. An expression ia 
given for the end-restraint stiffness distribution factor, which replaces 
the well-known G-term of the elastic stability equations. 

It is noted that column economy on the order of 5 to 15 percent can be 
gained through this solution method. However, data are needed on the 
moment-rotation curves and their parameters for many actual bea.-to-column 
connection.. Further research should also be conducted to resolve the 
applicability of the method to sway-permitted frames. 
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INFLUENCE OF SDII -RIGID cnlNl:X:TIOOS 

CN lllE C1mW.L STABILITY OF = fW\1>1ES 

F. II. 1·IAZZ<XJINI 
Istituto di 1ecnica delle COStruzioni 

Engineering Faculty 
University of Naples (Italy) 

nus paper smrnarizes t.re main results of recent pararretrica1 analysis 
on the load carrying capacity of semi-rigid frames . In particular . the 
effect of pArtlal restraint cc:nditions of sway frames is analyzed with re
spect to the elastic and inelastic buckling . In addition to the effect of 
connecticns . the influence of gearetrical inperfections 00 the ultimate 
behaviour of "industrial frarres" is also eXClnined. 

U\e behaviour of semi-rigid frarres is influenced by several parcmeters . 
Tne rein delem.inant aspects of the general problem have 00en analyzed fran 
different points of view. Starting from the assumption of a mathematical 
rrodel for joints under alternate loading conditions [1], an appropriate 
calculation rrethod has been \ooOrked out [2] . n-.e first results of its appli
cation have been mainly devoted to the elastic and inelastic buckling of 
""lti-story fr_s [J J • also including the effect of gearetrical int>erfec
tlons [4 ] . nus led to a new definition of "industrial fr«res", in which 
the actual restraint conditions of joints together with the manufacturing 
tollerances are considered as generalized ~fections [ 5 ] . 
'n"Ie problem of the overall ductility has been also analyzed in view of the 
assesr.ent of the structural coefficients (the so-called q-factors) l.n the 
design of seismic resistant strUCtures [6] . 

ELASTIC BOCKLING 

By means of the follawinq pararreters: 

cxk critical r.ul.tiplier of the frarre with semirigid connecticns; 

CXoo Critlcal rrultiplier of the frame with perfectly rigid connections; 

272 



273 

oeo critical multiplier of the frame w~th p~nncd oonnectlonSj 

R ratio of 9lrder-to-column flexural stlffness; 

K ratio of jOint-to-girder flexural stiffness; 

fig. 1 shows SO"I'e results referred to a portal frare a.nd to a one bay-three 
story franc . 
CUrves of fig . l , a) allow to defme three reqioos wtuch character.ue the 
unstable behaviour of the semi-rigid frarres: 
- 0 < K < 3, where even for small values of connection stlffness the CC1-

tical rrultiplier considerably increases and the case of 
pinned jOints can be safely assl.l!ll!d; 

- 3 < K < 10, where the actual value of the Joint restra1.nt must be lntro
duced in the analysis witbJut allowing any swplificAtlOO: 

- K .. 10, where the case of perfectly rigid jOints can be asslm!d 
provided 80 percent of elastic critical r.ultiplicr 1.5 safely 
adopted. 

Fig_ l,b) s~ that the obtained results are located with a good approx
imatial 00 lines passing through the origin , wtuch are given by the equa.
Uon: 

Fig . l ,e) provides the value of the costant A for a given R ratio and a 
given fcarre typology. These results have been confirrred by a parar.etrical 
analysis on multy-bay (~ to three) and multy-story (~ to sL'(, froY'1!s 
[ 3,4 ] and , therefore , the linear relatioo-ship (1) can be proposed for 

qeneral applicatioos. 

INELASTIC BOCKLING 

With reference to the trot - 1fl curves of connectioos and girders, the 
three cases of fig. 2 can arise: case a) corresponds to a full strength 
joint and the global relation-ship can be assumed as elastic-perfectly 
plastic with a good approximation . 
'Ille influence of partial strength Joints (case c) produces irtJortant alte
ratioos in the plastic behaviour of the structure due to the early forma
tion of plastic hinges (see dotted curves of flg. 2). It causes a strong 
reduction of the ultimate carrying capacities together with a change of 
51""" of the decreasing branch of the curves. 
CUrves of fig . 2 sl"ow also the influence of the vertical loads for the 
given t'\oO-story frane with different jOint restraint (K) . Coing fI'O'l ~ 
case 0.1 Ng:' to o. 25 N~ (being N~ the critical load of the rigid 
joint fr.sre) '..e find that: 
- the collapse nultiplier is redUced to about a half; 
- the decreasinq branch increases its sl~, leading to Ii sensible reduc-

tion of the global ductility. 
In both cases the effect of restraint is sensible in the increasing 
branch, wt-ereas all curves are connected to only one decreasing branch, as 
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It. can be aspected because the rigid-plasflC rrechanism IS not influenced 
by tre Joint flex.lbility. 

nlPrnFE:TIGi SENSITIVITY 

n>e so-called "industrial fr"",,s' [ 5 1 are today considered in tre 
modem codes otuch lIltroduce geanetrical lI!perfectia\S (as out-of-plmb 
l.n col\.lJllS and eccentricities l.n jOl.nts), according to the usual erection 
tollerances. 
The influence of such iJtperfections 00 the elastic-plast.ic behaviour has 
been analyzed for t"" portal fr",,",s of fig. 3. respectively fixed and hing
ed. n"le different cases are characterized by the colllm slenderness 

>- ,. HI r - 40. 100. 160. COllapse nultipiers are given in fig. 4. 
For >- - 40 "" observe that all curves of tre fixed fr .... practically reach 
95 percent of tre squash load Ny • excepted for K - 0.1. In tre case 
of hinged fran:e, on the c:cntrary, tre effect of semi-rigid connect.ic.rls is 
r.ore evident and only 60 percent of Ny is reached for K - lO.CXX> 
(otuch corresponds in practice to a rigid jOint).N; tre coll>m slenderness 
lJ'1Cre&SeS, it is evident that also in the case of fixed frme the effect 
of senu.-rigid connectioo beccnes rrore and m:>re irtportant. 'n1e percentage 
of collapse load is always decreasing up to tre case of hinged portal with 

>- - 160. 1Il otuch only 5 percent of tre squash load of coll>m is reached. 

The above results slrIw that it is possible to provide for several 
structural typologies the values of the elastic critical nultiplier of 
semi-rigid frames by means a simple linear relation-ship. 
'!be l.nfluence of the restraint conditions on the overall behaviour in 
elutic-plastic range plays a capital role on roth strength and ductility 
of inperfect fr"",s • .ru.ch I1llSt be properly analized according to the de
finiticn of "industrial structures". 
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INFLUENCE OF SEMI-RIGID AND FARTIAL STRENGTH 
JOINtS ON THE BEHAVIOUR OF FRAMES 

P.S.K. Bijhard 

and 

H.H. Sn1jder 

THO Institute for Buildlng Katerial. and Structures 
P.O. Boz 49, 2600 AA Delft 

The Netherland. 

ABSTRACt' 

The behaviour of steel frames is -.Jch influenced by the IIIOment
rotatlon characterl.tlc of the connection. between colu.ns and be .... 
The uae of bolted beam-co-column connection. without ulina stiffener. 
le.ding to lemi-rigidity and partial strength, ha. become aore popular. 
the UI. of chi, type of connection give. the opportunity to optlal&e coata 
tor connecttoM againlt coats for beau and column •• The poulbll1ty is 
dllculled of udol a Simplified model for the usually non-Hoes' IDOment 
rotatlon behaviour of seal-rigid and partlal .t~en8th connection •• 
Further.ore different de.igD approaches for the frase. are di.cus.ed. 

INtRODUCTION 

In designing ateel fralae. the ... uptton. ..de 1D calculatitlJ the 

force di.tribution in the frame should be in ac~ordance with the behaviour 

of the connection •• When calculat1Dg the force distribution in a fraM: in 

accordance dth ela.tic theory, the 'pecific jOint behaviour with respect 

to .tUfne .. , .uch .. hinged. rigid or .eal-ri8id, h .. to be taken into 

account. In all ca.e., the connection. .hould be able to resi.t the 

calculated 

nece .. ary 

forcu . 

rotation 

Hinged connections .hould be able 

without producing sub'tanUal 

to undergo the 

moments. Rigid 

connection. have to transfer moment. and the corre.pondinl defonaation in 

the connectionl ha. to be small, so that they do not influence the 

calculated torce distribution. Selli-rilid connectiona mult also transfer 

.ament" but the corresponding deforaation. ha •• an influence on the force 

280 



281 

dtltrlbutlon in the structure. 

When the force distribution 1n a frame 1s calculated by means of plutie 

theory, the specific joint behaviour with reapect to strength, luch as 

full-strength or partial-strength. has to be taken Into account. Due to 

the eo.pbx behaviour of connections, it 18 only possible to calculate 

their strength and stlffne.l with relatively modest accuracy. It I., 

bovever, necessary to know the influence of the atrensth and sUffness of 

coooeetioos on frame behaviour if calculations are to gIve a l"el1able 

e'cLaate of the actual structural response of the frame. 

STABILITY OF FRAMES WITH SEMI-RIGID AND PARTIAL STRENGTH CONNECTIONS 

In order to study the influence of the joint characteristic on the 

structural respoDse of fr •• es, the basic behaviour of • joint expressed 1n 

the .oMnt-rotation characteristic lIIust be known. Three important aspects 

are the stiffness, the strength and the rotational capacity of the 

connection (see Fig. L). 10 (LJ these aspects are discussed. 

It 9 I 
~I ~ a: <> 
7 - -,f- - - - -/- -- .-+ . 
I t! I 

OJ "/ I ~ I / ~ 
c 

I / .. \0~~ ->.. ; - -+ 
• I / ~~~ 

I 
/ -- I 

/ - --- HINGED .+ 
rotat ion capacity ~rotation 

Pigure 1: Moment-rotatlon characteristic of connections. 

In calculating the stabilility of frames, an important question is whether 

or not a silllplified model for the, in reality, non-linear connection 

behaviour can be used. Non-linear connection behaviour. as shown in figure 

2(a), can be dealt with in a geometrical and material non-linear 

calculation where the load 1. applied incrementally. Hovever, 1f a 

,eoMtrical and material non-linear calculat10n is not used to obtain the 
• force d.18tribution in the frame and to vecify the atabll1ty of the fcsft, 

the non-linear connection characteristic mu8t be 8chelll8thed . Use of the 
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lnithl stUfness Cin leads to oyerestl~tlng of the stability of the 

frame. When the bi-linear approx1~tlon is used , the secant stiffness of 

the connection 11 taken Into account in calculating the f r a.e. stability . 

Suppo.e, however, that due to the de.lgn load on the frame, the connection 

1. loaded up to a certain moment, say the calculated moment capacIty My of 

the connection . In that caae the actual tangent stiffness la far less than 

the secant stiffness uaed in the calculation . It can be shown, however . 

that using the secant atlffnees is a 8afe approximation to the connection 

behaviour In calculating the stabilIty of the f r ame . ~.ume a vertical bar 

wIth infinite bending stiffness, connected to the ground by a rotatIonal 

.pring . 8' shown In figure 2(b). At the top of the bar a horizontal and a 

vertical load act, producing an overturning moment: 

0" 0 0 (1) 

In the rotational s pring a reaction moment: 

0000 0 (2) 

is activated in the case of a linear rotational spring characteristic (see 

figure 2(e» . Equilibrium 1s achieved if: 

H.t + F. t.+ • Mreactlon 00 000 (3) 

FroCl figure 2(c) it can be seen that equilibrium 1s possible if: 

< > Fo! 000 00 (4) 

The possibility of reaching equilibrium is also dependent on the value of 

the ultimate moraent capacity 1\. In figure 2(d) the lines a , band c 

indicate three different values for H. t. Line b indicatea the udltUCI 

value for H.l at a certain value for F. 1 for which equ111bt'1ulI is 

possible. tn the case of a non-linear rotational spring characteristic, 

the sallie procedure holds (see figure lee»~. The udmull load line b does 

not reach the ultilllate moftlent capacity of the connection characteristic, 

but touches that curve. Figure 2(f) shows a non-Unear rotational spring 

cha racteristic and a bi-linear approximation to thi. curve. tt can be seen 



t 

283 

that the use of the bi-llnear approxiaatlon leads to •• afe calculation of 

the stability of the frame, ~cau.e it produce. a lower value for H.t than 

In the ea.e of the non- linear curve at the lalM value lor r.l. The .. me 

hold, for the ease of • const'ftt value of R. t (aee fllure 2(g». In 

that ca •• , uaha the bi-Unear appro:daatlon lead. to • lower value 

for F.l than us1n8 the non-lInear curve. 

(a' • ~M (01 
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,. .,110 
. clion 
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action 
Ictlof! 

--• 
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Figure 2: lofluence upon fr •• e stability of • bi-llnear approxlaatlon to 
the ~~nt-rot.tlon ·Characteristlc of • connection. 
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It ean be concluded that it is safe to .. use • bi-lin.ar approll.1 .. t1on to 

the non-Unear .o=ent-roCaUon characterlltlc: for a.ai-rigid and. partial

streogth connectlODs for the purpose of calculating the at.bUHy of 

fu.s . 

ELASTIC DESICN 

Unbraeed tnlln 

In calculating the force distribution 1n the fraN, the rigidity of 

the connections hal to be taken Into account. In checking the colulDl\s and 

lIe.ben under thue forces '11th respect to ItrenlCh and ItabUlty. the 

strength function. for columns as well a8 for be ... have to compeosate for 

the non-linear effect. which are not yet 1n the lInear force distribution_ 

The influence of the regidity of the connections 1, expressed 1n the 

calculation of the d •• tic effective buckling length of the coluan8 (see 

F18 . 3). 

• • 1 .. " • .•. 
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, ., t-- ,.. '11- \ 1\ • .. t-- c.. ttl el , \ f'\' .. "i,: ,.:rt ,., • " r. •• 
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•• " .. • 1 • .. 10 .. 
.. "I 

Figure 3: Elistic effective buckling length of eolumn. Ln unbraced frames 
II function of P. being the relative .tlffn ... at the column 
end •• 

Bneed fr •••• 

Ela.tle duisn of braced fraaes ean alia be referred to .. "vealt

column, .trong-be .... del1gn {2,3). After uking I flnt order el •• Uc 
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calc.ulatlon to obtain the force dlltribution of the braced frame. the 

eolu.ns are deaigned flrst. then, the bea. are dealgned In such • "'.Y 
that they do not collapse prior to the eolwan •• The ,,1M: hold. for' the 

aeal-r1a1d eonnection,. 

In (4) interactIon for-ulae have been presented for pin-ended beam-coloma. 

under combined axial compressIon and bending. To obtaIn the magnitude of 

the imperfection e·, the amplification factor 0/(n-1) and the bucklIng 

factor X.the buc.kUng length concept is used. The Itabillty check of the 

total braced frame Is replaced by stabIlity checks of the individual 

c.olulan8. The caluCUlI are "cut" out of the fralle and the resultant pin

ended co1ulln., with the impoled bending moment. and add forces . are 

checked for ,tabillty. When the individual column approach i. conslstently 

applied, the buckling length should be taken equal to the sy.te. length 

[}J. In actual fact, the column. fora part of the braced frame and it can 

be shown that the use of the systea length as buckling length is 

con.erv.tive in sany cases (6]. Therefore, checkt: on colullll ItabUity in 

braced !raae. are acceptable on the basis of the ela.tic effective length. 

Th1l, hovever. has consequence. for checking of the bealls. Use of the 

elastic effective length 88 buckling length in the interacHon forlNlae . 

leads to lafe estiutlonl for the UxitlUll .trength of columns in braces 

fralle., if the bealls and the connections are strons enough and colu." 

collapse ch.racterizes the fraDe behaviour (7.8,9,10). The IDOment 

distribution at collapse 11 different froll the -oraent distrlbution uSlng 

the fiut-order elutic analysis. A.t collapse, the bending 1D0menti on the 
1 2 

beam are greater than '8 qb (Fig . 4). Th1l is cau.ed by the re.training 

moment Kr that has to stabilise the column. 

F F 

1st orde r elastic 01 collapse 

Fisure 4: Compari.on of bending moment di.gr ..... 

In (6) • complete procedure i. given to deterlline the restraining lDO_nt 

Hr' 
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PLASTIC DESIGN . 
Unbrac:ed frames 

Dealgning unbrac:ed fralles with platt!c: theory 1a rather daple when 

usiog the fot1D&tion of • collapse a.chanh.. for calculating the first 

order pl •• tic coll,pae load. 'nle ultimate a.it bear log capacIty of the 

frame. "'hleh 1a le •• than the plastic collapse load, due to second order 

effect •• can ••• 11y be determined by using the Merch.ot-Rankine formula. 

Figure 5(.) shoW's an unbraced frame with rigid and full-strength 

connections while Flg. S(b) depict. the ,.lIe fr.m. but with lIlli-rIgId and 

partial-strength connectIons. 10 this fllure, the load-deformation curves 

are plotted 

, 

,., j 

1.. I I 
F, F,' r; 

'" 

It! .,du , I . ,lte 

[III" F t 

• 
Plaure 5: Influence of semi-rigid and partial-Itrength connectIons on the 

calculated beartng capacity of an unbraced fra.: (a) unbraced 
fra.e with rigid and full-.trength connection.; (b) unbraced 
fra. with .e.i-rigid and partial-Itrenath connections. 

ul1na the varioul methods for calculatlna the forca diltribution. The 

curve. plotted with the thick line indicate the real behaviour. Due to the 

flexibility of the connections, the Euler bucklinl load of the fralle will 

decrease. As II relult of the partial .trength of the connection, the 

bearing c~p.clty, baled on the first-order plastic theory , ..,Ul decrease. 

80th phenolllena, "'ith respect to the salDe fraM but nO\l with rigid and 

full-stre nath connections. "'ill lead to a lower ultiute bearing capaclty 

of the fra • . 

It can be seen that the rigidity of the connectlon. ha. great influence on 

the stabillty of unbraced frames. 
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Braced fumu 

Plante dulgc can allO be referred to .. "Itrona-coluran t weak-bu." 

dealgn [Z . 31. The beau are designed first. making ule of the !tut order 

pl.'tic force distribution (be.. mechanism). Then, the column. are 

designed in luch a "'ay that they do not coll.pee prIor to formation of a 

beall Mchants • . When the be.a faU., a raechants. I, foraed wIth a plastic 

hioge In the aid-sectIon of the be •• and plastic hinge. at the supports of 

the bea • • When the moment capacity of the connections 1 •• maller than that 

of one of the connecting parts, the plastIc hinge. wIll form In the 

connection itaelf. If that I, not the ca.e. the pl.letc hinge wIll fora In 

the beall just .,ide the connection.. In knee-connections it 11 .tIO 

po .. lble that • plastic hinge is for1D.ed In the column when, due to norul 

forces, the reduced aoment capacity of the colulln eeet10n is suller than 

the moment capacity of the bea~ section [11). 

If plastic hioSes occur at the top of the coluan, rotational capacIty at 

the top of the column is necessary (12) if these plastic hinges are formed 

prior to the hinge at mid-span. 

To reach. be •• ~ch.nisa • redistribution of mo~nts Ls necessary. 

A redlltrlbutioo of lIO!llents can only be attained when the parts ..,hlch 

yhld fint have sufficient detotwltion capacity . In !Mny cues this 

deformation eapacity has to be brought up by the selil-rigid and partial

strenRth connectLons {l,6). The eoiumns are loaded with norul forces and 

morDents equal to the plastic moTOent capactties of the connections belng 

part of the beall mechanLsms . The bearing capacity of the beam mechanism Ls 

only reached if the columns can withstand the force distrlbution belonging 

to the relevant beall _chanha . Therefore. colucms alit be checked uslng 

interaction fonulae (4). Now the question arrlaes which buckllng length 

h .. to be u.ed. Since the beall can not offer restraint to the colulln, 

because of the plastic hinge near the column end, the .,.tem length can be 

used as buckling length safely . However, thi. approach i. on the 

conservatIve lide if used for the frame dth rigid supports . In general, 

the elastic effective length based on the reu!ning elutic structure .. , 

be used al buckllng length In plastically de.lgned braced frames • 

. , 
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DESIGN BASED ON SECOND ORDER THEORY 
• 

Uling the second order theory, two calculation method. are available: 

... geolletrlcal non-Unear calculation with linear elastic ... terlal 

behaviourj 

... geoaetrlcal and .aterial non-linear behaviour. 

A geoaetrleal non-linear calculation with a linear elastic .. terlal 

behaviour celules In a force dtstdbutlon which I, In equIlibrium In the 

defor~ed sItuatIon with the factored design load. I.perfection. have to be 

taken Into account. The magnitude of the i.perfections I, given In (4). 

The IIOlIene-rotation charaeterlltlc can be taken .. ceall.tic 8' pose1ble 

In the calculationa, however, the se.t-rigld connections can alao be 

.adelled with the secant stiffne.s of the bi-IInear approxiaation. 

This IM:thod of analysis results In the correct force d1etribution in the 

whole structure. Correction factors on the ao.ent diatributlon are 

superfluous (13). PIa,tidty effects need to be checked separately ulin& 

Interaction formulae for cross-aections loaded with aorasl and shear force 

and bending moment. Formally, because of the assu.ptlon of elastic 

~terial behaviour In the analysis, the cross-section Ihould be checked in 

luch • way that the yield Itrus is reached in the outer fibres of the 

croll-Iection only. However, the ule of a plastic interaction for.ub for 

checking the croll-section is allowed because thtl procedure allows only 

one plastic hinle to be formed in the structure or IaDre than one but at 

the ume tille. 

The leometrical and material non-linear behaviour can also be 

obtained within one calculation [e.g- 14, IS). In that case no leperate 

check on crol,-sectional behaviour 1. necea,ary. 

In lDost cases, when non-linear theory is used in calculating frames, 

only the planar behaviour of the meaber. i, considered. Therefore seperate 

checks on local IDltablllty and lateral tonional buckl1nl are .tUl 

needed to be carried out. 

EVALUATION OP DESIGN METHODS 

All three design methods discusled in the previoul lubl.ction. , 

elutic deSign, pla.tic design and design based on s.cond order theory, 

Ire acceptable delign methods. EI.stic design and plastic delign are b.sed 

on first order force distributions which are relatively ... IY to obtain . 

The pOlt-proces.ing of these results, to take the second order effects and 
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pl.sticlty Into account, has been for.allzed 1n specific design rule •• 

Second order theory results directly Into a second order force 

distribution , but consequently a.ks .are of the user', knowledge. 

The methods of analysis for evaluating the ultlute Ulllt state of 

fu.el 11 80 Ialch refined, that deflectIons and side sway become IIOre 

1.portant and determining_ There 1s a need for crlterea for the 

deflections and side sway dependent on the purpol. of the buIld!na and the 

defor.atlon capacity of the secondary structure. attached to the supported 

fraCies. 
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ABSTRACT 

The prell.IDary findings of eIght be.a and coluan sublsse.bl.ge and 
t vo three storey two bay fr.ae test. are reported. It IS noted that the 
behavIour of JOlnts IS a.esured In the fraae tests IS not apprecIably 
dIfferent fro. tbat deterained fro. an IndiVIdual JOint test. It IS seen 
that the seai-rlg1d JOlnt contlnulty results In enhanced coluan capacity . 
reduced aaXlaua be •• aoaents and deflectIon.. EXistIng analysis program. 
developed at SheffIeld and Kllan can accurately slaulate thIS behaVIour. 

I NTRODUCTI ON 

Vb en compared wlth the normal deSIgn assumptIon of pinned JOInts. 
actual seai-rigid JOInts can be conceIved as bavlng two potentIal benefIt •• 
The fIrst Involves restraInt prOVIded by the bea~ to the columns, thus 
reduclng effectIve lengths and aid-helght deflectIons and teaperlnq P-~ 
effects. The second occurs vhen considerIng contInUIty prOVIded by the 
columns at the ends of the bea. so as to reduce aIds pan aoaents and 
deflectIons. Much analytIcal work [1 - )] bas recently been accomplIshed 
aDd coaputer progra.s WIth varYIng degrees of sophIstIcatIon eXlst whI Ch 
can predlct the response of lndlvldual columns . beam and coluan 
subassemblages and co.plete structures. The compleaentary experImental 
pr09ra .. e of work needed to verIfy and valIdate these capabIlItIes howevf r 
bas lagged far behInd. This paper presents the InItIal fIndIngs of ~he 
only known reasonably extenSIve test progr.mme deSIgned to reaedy t hIS 
defIciency. As mentIoned In a companIon paper (4) eIght column 
sub.sseablage tests and two co=plete three storey tva bay frlee test ~ with 
JOInts nO.lnally identical to those of a speCIally conduc ted serles of 
connectIon tests have been undertaken. The JOInt and subasseeblaqe tes's 
were carrIed out at the UnIversity of SheffIeld. whIlst the fra.~ t ests 
were conducted collaboratlvely at the BUlldlng Research Establlshment 
(BRE) . In additIon. t wo slailar fraaes fabrIcated WIth ey.tended end - pl]t ~ s 
have been carrIed out by Hatfleld'Polytechnlc and BRE and a fifth· st l ' 
yet to be conducted. 
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TESTS O. SUBlSSBllBt.lGES 

A serIes of eIght coluan subasseablage test. have been earried out and 
• full descrIptIon of tbe procedures and results are prelented in ret S. In 
III cases tests were conducted in tbe horIzontal plane. The coluans were 
6.S. long wlth 1.5. long beaas tramlng 1n at eltber end 6.0. apart .s 
IndIcated 1n Flg 1. In soae cases the beaa. ttaaed into the coluan flanges 
and 1n other cases into tbe coluan web. A varlety of cODnections vere 
e.played ranoing troa fleXible web cleats to alaolt rigid extended end 
plates as lIsted In Table 1 . The ends of the be.as reao t e froa tbe column 
vere mounted In special bearIngs which were designed to pr event rot ational 
moveaent but to freely permIt movement parallel to the direction of tbe 
col u.n . To ensure the deSired in-plane response the column was restrained 
from out of plane movement by bracing in the fora of guides, which were 
provlded With sliding bearlogs so as not to inhibit in-plane .ove.ents. 
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ST2 
ST3 
S14 
ST6 
ST7 
ST8 
ST9 
STlO 

Web cleats 
Web cleats 
fhnge cleats 
Flange cleats 
Flange cleats 
Veb .nd seat 
Flush end plate 
Extended end plate 
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TABLE 1 
Sua •• cy of subasseablage tests 

AXIS O. 
BENDING kH 

I!:ajor 0 
"lDor 41.0 
"ajor 110.0 
Mlnor 41.4 
Kinor 0 
Minor 67.0 
Minor 83.0 
Kajor 93.0 

TOTAL COLUMN FAILURE 
LOAD 

O. 
kH 

P ANALYSIS EXPERIMENT 
kN kN kN 

73.3 598 671 671 
44.0 452 537 520 

110.0 463 683- 760 
43.0 510 594 520 
40.0 484 524 526 
70.0 362 499 518 
85.0 343 511 486 

100.6 403 591" 743 

• luaerlca! divergence 

ANAL 
EXP 

1.00 
1.03 
0.90-
1.14 
1.00 
0.96 
1.05 
0.80011 

Loading could be applied independently to the be.a, and also aXially at 
tbe bead of the coluan via load cells. The otber end of the coluan vas 
prevented fro. translating and a load cell vas e.played at tblS location. 
Correspondence between the reactlve force and the applied loads Indicated 
tbat tbe sliding bearings worked veIl witb only alni •• l frlctlon losses. 
Colu.a deflections were atalured by LVDT', and StrliD gauges were 
positioned as indicated. On the bea.s the gauges were connected to peralt 
bendlng aoaents to be monitored whilst on the colu.n botb bendlng aoaent. 
aDd aXlal loads could be deterained. 

All coluans shoved evidence of having been roller straightened, an 
observation later confirmed by residual stress aeasureaents, and, ln order 
to lnduce a representative initlal lateral deforaatlon, a sa.ll force was 
applied at mldheight. Loading then occurred in two stages. In the flrst 
beaa loads 01 and 02 were applied up to the level. indicated in Table 1 and 
tbese were tben held constant whilst axial colu.n load P was applled to 
failure. After the lubasseablage tests, aaterlal Yleld stresses were 
obtalned froa coupons cut froa the coluan flanges. Allo shown ln Table 
are failure loads predicted by the computer progra.. Apart froa the two 
fallure loads lndicated by asterisks tbe correspondence lS good and, 1n 
tbese two cases, it is thought that the analysis was terainated prea.turely 
due to nuaerical divergence. 

A tYPlcal load deflection plot is shown in Fig 2 together wlth the 
responses predicted by coaputer prograas developed at the Unlvers1ty of 
Sheffield and reported in ref 6. The close correspondence lS apparent. 

Table 2 sbows tbe relults of loae slaple 'deslgn' calculatlons Wh1Cb 
assess tbe capacity of tbe coluan as an aXlllly loaded aeaber i.e. ignorlng 
the presence of aoaents transaitted to the coluan. The capacity lS first 
calculated asstt8ing tbat no rotational restraint lS provlded at the 
connections giving a pin-ended column. Such a computation draaat1cally 
underesti.ates tbe actual capacity even for a coluan witb siaple web cleat 
connectlons. Also sbown is tbe aspacity deteralned in a Slallar aanner but 
with an additional step whicb utilises tbe aetbod detailed in ref. 7 to 
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0--0 E xpenmental 

-- Analysis 

20 30 
Column mdhelght laterol deftection. rrm 

Figure 2. Load agalnst deflection - test ST8. 

TABLE l 
Test and 'design' loads tor sub •• se.bIages 

AXIALLY t.01DlD COLU"" CAPACIn 

'lOPUTTIES PU-EIfDS MODIFIED cOlfTnlUOVS 

TUT P. • '1 •. , , .. , ... 'I .. , • .. , ... 
,' / .. ') luI ) lUI It-l.O) ('/-'1 (Ul p;;;- (111, .. -) (U) 

m lO' 2122 '" 92 ... 159.5 450 . 1 loU 0.61 '2 . • 225.5 616, . 
STl US 2U4 ". lU . ' 51.1 1".1 J . 09 0 . 54 " .0 141.0 410.' 
m m 2911 ". n.) 155.2 Ul.l l.U 0.'. 59 , 1 221.1 Ut.S 
m III 21H '" 1' .... St. 1 110.0 1 . 06 0 . 5) n . t !St., CU., 
ST7 '" 21H '" 155 , ) 51 . 1 1' • . 1 ), 20 0 . 5) n .6 146 . , u •.• 
STI m un 51' 1" . 2 51.6 16). .. 1.11 0.54 n .1 141. , 405 • • 
sn , 1 un .11 lii . 1 56, , 1".6 2.U 0.53 II . • 145.0 414 . • 
STi O m 2145 '" n ."! 154 . 1 UI . J 1." 0 . 59 54. '7 221.9 645.5 

,. .,tenll Yield .tUIi fro. fhnoe coupon teltl 
A c r o .. • .. c tlon.l .re. calcolat.d trOll .... urad dl.U.UO •• 'I .. , 1014 .t fulura in tnt; I" • 01 • 0.) 

.lend.r nnl (.thetl .. length/appropri.te radiul of GYration) .. reduced .Herhl co.pnllh. ItuDgtb froa Table 21 IS S'SO , ... A. pc 

• ethctu. hngtlirl ratio 

, ... , 
r.;;-

1.05 
1.26 
loU 
loU 
1. 21 
1.21 
l.U 
1.15 
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obtalD restraiot coefflClents WblCb are tben used 1n the chart of Fig. 21 
of 8S 5950 (8] to obtain reduced effective length ratlOS. It can be seen 
that tbese ratiol. tlken as unity for tbe previous calculation. nov l1e 
between 0.5) and 0.67. Perhaps soaewbat surprisingly all of the test load. 
still exceed tbe enhaDced deSign loads even though no allowaDce has been 
8.de for the pre.ence of bendlng aoaents - indeed the value. show • 
reaarkable correspondence. Clutlon .ust however be exerclsed I. there Ire 
a nuaber of features which aust be borne In mind Dlmely the bea •• were very 
sbort , the columns were lOlllllly very straight and contained alDl •• 1 
reSidual stresse •. 

Fig J .how, the vlriation in tbe bending aoaents observed In the beams 
and the coluan ends close to the load application joint (points A. Band C 
of FIQ 1). In all cases the values bave been nondi.ensionaiised by 
dIVIdIng .oments " by the fully plastic .oment of the beam "p and the total 
axial load in the coluan P by tbe column squash load P,. The values 
predIcted by the computer SImulation sbow reasonable correlatIon. It IS 
InterestIng to observe that, as the beaa load is applled. the .oaent 
transmItted through to the colu.n attains a value of approxiaately O.2S"~. 
As subsequent aXIal load IS added. this .o_ent does not grow considerably; 
Indeed over the next phase of loadIng it actually relaxes. 51allar 
behavIour bas consIstently been observed with . In soae cases. the .oaent 
relaxIng to zero and In others actually reverSIng in SIgn as the beaas are 
called on to restraIn the coluan IS it tries to buckle. 

0·6 

P""b, 
e 06 
~ >- Ano\ysIs r~S\JUs 
I n. I 

0--0 Top lett beam ° ~ 
0 , , 

>0---0< Top right beam I 1 
0 0 

0--0 Column top end • 0·' 
I 

( I 
Expenmentol results b 0 

1 I 
0- - ° Top left beam 1 

° 0 
)1- _)I Top right beam , I 

I 1 
0- -0 Column top end 0, 02 0 

\ , 
, 

-075 -050 -025 050 

FIgure 3. "oaent, at head of column - test 5T8 
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I'UIII! TE$TS 

Two three storey two bay fraa.s have been tested in the Buildiog 
Res.arcb Establishment IS part of the Sheffield test proor.a. One traae 
Involved the coluan a.abers being bent about their a.jor Ixel In4 the other 
about their alDor Ixes. In both cases flange cleat connections, which are 
towards the aore flexible end of the range, were •• ployed IS two Ilailar 
tr •• es with stitt flush and extended end plate connections tormed the 
Hatfield/eRE part of the same sequence of test •• mploying a degree of 
co •• on loading, braCing and monitoring equipment. Fig 4 sbows I Sheffield 
test in wblCb aoments were measured close to coluan ends, It coluan 
aldheights, beam ends and adjacent to loading positions. Deflections were 
measured at column Dldheight. at beam load points vith rotations also being 
recorded on the coluans at the beam column centre line interlection points 
and al close to the ends of the beams as vas practicable (approxiaately 
125 •• away from the beaD end) . Beaa 10lds were applied through .addles 
sUlpended fro. the beams by hydraulic jacks .ounted under the laboratory 
floor vIa "acalloy bars. Colusn loads were siaillrly applied ,ia 
lubstantial caps at the head of column extensions wh ich protruded above the 
bead of the fra.e. 

Figure 4. frame test arrangement. 



Sui. : 11 kN •• fr .. I Tnt 2. 

Figure 5. Measured ~nL distribution around 
frame 1 

k .l. : tI kN •• "" ... Z Tnt 2. 

Figure 6. Measured moment distribution around 
frame 2 

IV 

:s 



298 

As with the subassemblage tests the Joad1ng WIS undertaken 10 two 
'tages; load being applied IOltlally to tbe be.al, flrlt equally up to 
.erVlce laid conditions with on. beam being loaded aore severely to create 
• fora of pattern 101d1ng. 

rig. 5 Ind 6 show the aoaent distribution around tr •• es lind 2 after 
the full deSign laid had been applied to the beams. The •• dlstrlbutloDS 
correspond closely to those obtained uSing I coaputer prograa developed It 
the Polytechnic of "lIaR {l]. The be •• end restraint ottered by the 
connections cln be clearly seen fro. tbe aoaent attracted to tbe heaa
column lotersectlon. Interestingly the aoments attracted to the 
connections It the extreme top corners of the tr •• e Ire not as large as 
thost at tbe lntermedllte column . TblS is due to tbe fleXlbllity of the 
column ~nd lilustrates that the aoaents transmitted by connectIons depend 
on the relatIve balance of connection. column and beam stIffness. Due to 
the Do.ents attracted to the coluan head large detoraatlons In tbe upper 
Ilfts of the external columns caused failure under applled aXlal load to 
occur In these llfts rather tban ~t ground or tlrst floor level as would be 
expected. 

AXIal loads ln excess ot those predIcted by design recoaaendatlons 
were lustalned througbout tbe frame. even tbough tbe aom,nts transmItted to 
the coluan were greater tban the nomInal values of the end reactlon 
aultlplled by a 100. eccentrIcity. 

CO.CLUSIO.S 

The In-plane behavlour of JOInts as determlned from IndiVIdual 
connection tests and as parts of subasseablage, and coaplete trames IS 
shown to be conSIstent. Experlmentally deteralned two dlmenslonal response 
of the subasseablages and traaes are predicted to an acceptable degree of 
accuracy by computer programs developed at the UnIversIty of SheffIeld and 
the PolytechnIc of Mil~D. The seal-rigid ~ctlon of conventlonal beam to 
coluan connectIons has been shown experiaentally to provlde restraInt 
agaInst In-plane coluan faIlure . to reduce beaa deflectIons and to Incre~se 
be • • load carrYlng capaCIty by reductlon of the 8Idspan aoaent. 

lClJOVLIDGEKEXTS 

The work reported hereln foras part of a continulng InvestIgation Into 
the eftects of seal-rigId JOInt actIon on the perforaanee of steel frame 
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SCI ) . In partIcular acknowledgeaent IS aade to the BRE who were alJor 
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ABSTiACT 

Kodeling of flexible connection behavior as elastie-perfectly plastic 
is proposed for analysis of building framea. Results based on this ideal
ization are compared with those of fully non-linear analysis for three 
di fferent examples . It is concluded that first-order effects of connec
tion flexibility can be captured within engineering accuracy by li nearly
e l astic analysis under working loads, and by perfectly- plastic a nalysia at 
ulti mate. 

I NnODDCTION 

Re cent research (1-3J on flexible connect i on behavio r , and on analy

s i s of f lexibly connected frames, has emphasized non-li near analysis. In 

general, non-linear analysis is unsuitable for office practice: Non

l inear cooputer analysis is laborious and expensive, and the results are 

often so error-prone that the i r interpretation becomes ve r y complex, .ore 

lu i ted t o an a cademic than a professional environment. 

It is the a i m of this paper to present a much simpler app roach , and 

t o document its auitability for design office practice and ita relation to 

rea lity with several examples . 

APPI.OACB 

~e will represent the moment-rotation relation of a range of flexible 

beam-column connections in steel building frames as elastic-pe r fectly 

pl astic . and incorporate this formulatio n of t he connection behavior in 
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ela.tie-pl.stic fra.e analysIs . With this pre.ise. we will explore the 

feasibility of representing frame behavior under working loads by ela.tic, 

and the structure strength by plastic analysis. If it can b~ shown that 

the frame acts nearly 11nearly-elastic at working levels, and possesses 

sufficient ductility at ultimate, then simple. well-known .ethods will be 

avail.ble for the desIgn of flexibly-connected steel frames. 

CONNECTION BEHAVIOR 

The behavior of typical beam-column connections in steel frames can 

be represented by mOment-rotation curves such .s those shown in Fig. 

[4) . It should be noted that the range of rotations along the horizontal 

axis of Fig. 1 vastly exceeds any values to be expected under conditions 

prior to collaple. For instance, the end rotation of a simple-supported. 

prismatic elastic beam under uniform load causing a midspan deflection 

equal to 1/360 of its length will be e - . 0089 radian., and the rotation 

of a reatrained beam will be much less than that. Similarly, the 

connection rotations of a frame subject to a lateral load cau.ing svay 

equal to 1/300 of its height viII be less than .0033 radians. Connection 

rotations under working conditions may thus be veIl within the near-linear 

range of the curves of Fig. I. 

• 
~ 
o 

" 

T-Stub comectlon 

__ ---EIId plate coonccUon 

Top and scot Ol'lCJle connection 
_"",,,,,,,,,,,,,,,,,,,,,,,,,,:::-:=::Welded top plote ccrtnection 

:1~~~~~~~~~;~~~~"'~O,,;,~.~'~.;te connection Double web angle conntct lcrt 
51ngle web angle comecbon 

o 2. 4 6 8 to 12 ~ 16 Ie 20 22. 

Rotation (Rodlons .IO-3 ) 

Figure 1. Homent-Rotation Relation. 

Steel frame connection. commonly used exhibit great ductility, as 

shown , for instance, by the curves of Fig. 1. If it can be shown that the 

rotation capacity of the connections to be used exceeds the rotation 

demand neces.ary for full redistribution of moments, then it follows that 

plastic analy.l. is suitable for determination of the fra.e .trength. 
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The connection re.ponse under lo.d~hi8torie. luch .s unloading and 

load reversal, al .hown in Fig. 2, 1s needed to predict frame response to 

mOre general loadings luch as lateral load rever •• l. Ve will .ake the 

classical el •• tlc-perfectly-pla,tic assumptions ahown dashed in our 

analysis . 

"'0.+---1--

"'",,-+--1-/ 

-----------f--~~--~~ 

- ==--""-1-- M", 

Figure 2. Ge neral Connection Behavior 

ANALYSIS 

In the follo .... ing example problema, the "pIntle hinge aethod" [5,6]. 

a piecewise-linear analy.is of the structure sequentially .odified by 

internal hinges to represent local pl •• titleation , ts applied . The 

resulting load-deformation curves wIll be compared with .i.l1ar curves 

from "exact" non-linear analyses , and their behavior at wo rking and 

ultimate loads will be studied In order to e valuate the suitability of 

elastic, and plastic, analysis at these two levels. 

Example 1 

A uniformly-loaded W18x40 steel beam, 30' (9 . 15 m) long, of yield 

strength 36 ksi (247.3 N/m~) . supported by flexible connections of 

different types at each end. as shown in Fig . 3, i. considered . This si ze 

beam was chosen because a number of connection teat results of beams of 

this size are available. 
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H1;.,L F ....... C_ .... -:-\~ 

t--jj W18.4QJ If'""l 
I Yi' , I 

Figure 3. Strueture of Examples 1 and 2 

The allowable load of wall - 1.0 k/ ft (14.6 N/ mm) on this beam Is 

governed by the deflection criterion 6/ L - 1/ 360, assuming simple beam 

action. 

Four different connection. for which test data were available were 

considered in this analysis . Their stiffnesses, which are given In Table 

1, cover the range of flexible connections .05 ~ EI / kL i 2, as suggested 

in Reference 7. 

The mOment-rotation curves for theBe four connectiona, taken from the 

references listed in Table I, are plotted in Fig. 4. The intersection of 

the bea. line with these curves indicates connection mOments and rotations 

under a working load of 1 k/ ft (14.6 N/ am). The elastic .tiffness k of 

each of the connections was determined as the secant modulus to this 

working point; it , as well as the initial stiffness ka, the assumed 

plastic connection moment Mcp. and the stiffness ratio El / kL are given 

in Table 1 for the four different connections. They cover the entire 

previously defined range of flexible connections. 

TABLE 1. Connection Properties 

No . Connection Type ko. k-in / ud k, k-in / rad K cp' k-ft El / kL 

I 318" double web angle • 
4 bolu (8) 27 x 103 22 x 10' 16 2.24 

2 3/8" double web angle, 
5 bolts (8) 96 x 103 70 x 10' 40 .7 0 

3 Top and seat angles , 
150 x 90 x 12 mm (9) 144 x 103 115 x 10' 64 .43 

4 Extended end plate to 
W18x3S Seam. t-l" (9) 642 x 103 552 x 103 160 ,09 
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Pi gur~ 4. EXlct and El.'tic-FI'lcic Ho.ent-RQtatlon Rel,tlonl 

U,ing relatIon' of Itatie •• geo.etry. el •• tte-pl.ltie be •• behavior, 

and .ement-rotation relations shown in FIg •• , the beam of Pig. 3 va • 

• naly~ed for it. ~dpolnt deflection 6 under unitor. IOld W, and the 

relult. plotted in PIg . 5. The .oIid curve. are the re.ult. of • fully 

non-linear analy.l1 baaed on the .olid line. of PIg_ 4, while the d.,hed 

curve. repre.ent the relulta of • plaatit-hlnge ana1yal. baaed on the 

d.,hed elastic-pI"tic curves of Fig. 4. Additionally , the plot i. 

bounded by de.hed linea representing the liaitlng condition. of 

atmply-supported and fully fixed-ended be •• behavior. 
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Pigure 5. Load-Deflection Relationa, Ex •• ple 1 

EU1IJ)1e 2 

The be •• shown in Fig. 3, of length L - 30' and loaded with. uniform 

vorking load of 1 klft (14 . 6 N/ •• ), 1. joined to columna of story height 

H - 12' of an unbraced fr •• e at both ends. Due to a lateral load V 

applied to each column, the columns rotate through equal angles Bc . 

thereby per.uttlng the fraee to rack e1dewaYI, .a ahown in PIg. 6. During 

thi_ atage, the leeward connection will load further, while the windward 

conneetion viII unload according to the relation •• hown in Fig. 2. 

rilUre 6. Be •• of Frame in Sway 

A non-linear analysis based on this connection behavior va. devised 

to deteradne the connection moments and rotatlon., 8. veIl a. the col umn 
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rotation 8 e due to an applied shear V, and the results are shown solId 

in Fig. 7. Similarly, these relatlons vere eo~uted using the plastic

hinge method and the dashed connection curves of Fig. 4, and plotted 

dashed in Fig. 7 

Example 3 

Lastly, in order to establish the relation of analysIs and 

expericent. a flexibly-connected frame tested by Stelmack (10J and shown 

in Flg . 8 was .naly~ed by the pl.stic-hinge method using elastic-pl.stic 

connection behavior. This frame, under sequential gravity and lateral 

loads, had earlier been analyzed non-lInearly by Stelmack, using 

experimentally determined connection relation. (10). Fig. 8 .hows 

experimental and analytical plots of sway versus applied lateral load H. 

We observe that stiffness and strength of the frame are predicted closely 

by che simple plascic-hinge method. 

• 

• 

" 

I ... 

-- .......... 

• 

rlfU re 7. Shear-Rotation Relations, Example 2 
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Pigure 8. Lateral Load-Sway Relation, Example J 

CONCLDSIOliS 

The re_ults of the three exaaple proble .. indicate the following for 

flexibly-connected framea: 

1. In general, result. of e188tic-pla.tlc analyaea reflect the behavior 

predicted by non-linear ana1yst8 to within rea.onable engineering 

accuracy . 

2. Connection rotationa at working level. are within the near-linear 

range; elastic analy.i, can be used to predict structure behavior under 

working 10a4a. 

l. Beyond working levels, the pl.'tic-hlnge method will give 8ufflciently 

cloae reaulta. !hi, analysis can be used when excel.lve deforaationa or 

P-6 effect. need to be considered . 

4. Structure .treRgth can be predicted by classical plastic analy.i •• 

tastly, the need for further testing and ana1ysi8 of connections to 

obtain a full range of .oment-rotation curves for uae in steel frame 

desIgn cannot be overe.phaslzed. 
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SIMPLIFIED DESIGN OF FLEXIBLY-CONNECTED BUILDING FRAMES 

M.H. Ackroyd 
Techtrol, Ltd. 

Montreal, Quebec 

ABSTRACT 

This paper develops 8 simple design procedure for unbreced 
building frames that takes advantage of beam-to-column 
connection stiffness 1n reducing girder sizes, and at the 
same time, avoids premature column plastification typified 
in most Type 2 frame designs. 

MOTIVATION 

Studies of the behavior of Type 2 Designs (1) have 
shovn that exterior columns receive 8 portion of "fixed_ 
end'! moment from the gravity loaded girders that does not 
get accounted for 1n the Type 2 assumptions. Correspondingly, 
the girders tend to be overdeslgned, because Type 2 assumpt
ions do not take advantage of the rotational restraint 
actually provided by the "simple" connections. In 80me 
frames above nine stories tall, these analysis approximations 
can result in the onset of frame instability at load factors 
beloy 1.3, but for all frames, these approximations will 
result in oversized girders. Therefore, one would like 
to modify the prediction model to account for the beneficial 
effects of connection stiffness on girder forces and its 
detrimental effects on exterior columns. Also, one would 
like to avoid having to rely on sophisticated computational 
tools, as that would defeat the original spirit of simplicity 
of Type 2 design. 

APPRQACH 

A thorough study of the analysis results for the frames 
studied above showed that the deformed shapes of the frames 
were similar to the shape one would obtain by superposing 
two shapes: (1) the portal shear model associated with 
wind loading, and (2),a gravity model having inflection 
points at midhelghts of exterior columns and essentially 
no flexure of the interior columns. 

3~ 
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8aaed on these ob8erv8tions ~ it appears that wind momenta 
ace predicted well by the standard portal method of 
approxiaate analysis. However , a nev model for gravity 
loads needs to account for the transfer of aaaent fro. 
girders into the exterior coluans , 88 veil 85 to account 
for beneficial "flexible-end" momenta on girder ends. This 
paper proposes 8 model for gravity loading of Type 2 frames 
that can satisfy these criteria as well as provide the 
basis for simp l e design ald. , suitable for aanua1 computation. 

Tvo subsasemblages have boundary co nditions that kinemati
cally map onto the suggested gra vity model , above. For 
interior bay. of 8 frame, it seems appropriate to neglect 
the column rotations and conSider only the gravity-loaded 
girder with flexible rotational springs connecting it to 
rigid supports. For exterior bays of a frame, i t 8ee.8 
appropriate to assume inflection points at midheights of 
columns and hence to model only half the column above and 
half the column below. 

The notation used herein for frame components i s: 

Ig moment of inertia of girder 
Ic,. moment of inertia of colu.n above 
Ic,b • mo.ent of inertia of column below 
ha • story height of column above 
hb story height of column below 
1 span of girder 
k representative stiffness of flexible connect-

ions (both connections identical) 

It should be noted that the exterior bay model subsumes 
the interior bay model in light of the fact that , as moments 
of inertia of the columns tend toward infinity, the right 
end of the model tends toward a rigid support as in the 
interior bay model . Therefore , only the exterior bay model 
needs to be analyzed as the general model o f behavior. 

The analysis used here is the widely used "direct 
stiffness" approach, where individual elemental models 
are combined to give the needed structural model . For this 
structure, only three elemental models are necessary: a 
standard prismatic beam element represents the girder, 
rotational springs represent the flexible connections, 
and prismatic beams with far-end-pinned represent the 
half-columns. The elements and associated stiffness matrices 
are shown below. 
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ELEMENTAL HODEL FOR HALF COLUMNS 

Using the direct stiffness method. the a8se~bled structural 
stiffness equations become: 

HI k + 3Elo -k 0 91 
Lh/2 

H2 -k k + 4El. 2El. 92 
1 1 

M3 0 2El. k +~ 93 
1 1 

Now, if one assumes that only symm e tric gra vity loads are 
applied to the girder, then the loading to be applied to 
the structural model 1s simply the conventional fixed-end 
be.. moments , Mf, specified in degrees of freedom 2 and 
3: 

{ =~} . { +~f} 
H3 - Hf 
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Next, this 3-by-3 srste. is readily inverted in algebraic 
fora to sive expressions for 'the three rotations, 01. 02, 
OJ. These rotations can then be back-substituted into 
the rotational spring models at each end of the girder 
to obtain expressions for the "flexible end moments" (as 
contrasted to "fixed end moments") to be used in the frame 
design. After much algebraic simplification, these express
iona become: 

He Hf 
CO 

where Cl and Ce are coefficients 
fixed end aoments to the proper 
for the flexibly-connected frame 
defined as 

which convert the 
"flexible end" 

being designed. 

Ci - I + 28 - 8 
3(g + I + 68) 

Ce • 1 + 28 + 

standard 
momenta 

They are 

and the following nondimensionel terms are defined: 

Connection Stiffness Parameter, 

Relative Flexibility Factor , 

8 -

g -

EIg/kl 

Is/I 
rIch 

Note that th,e "Relative Flexibility Factor" is simply the 
inverse of the veil-known relative rigidity factor. G. 
used for estimating effective lengths of columns using 
the Jackson/Moreland nomographs. 

Note that aa connection stiffnesa. k, and coluan stiffness, 
Ic/h, becoae indefinitely large, then both "a" and "g'l 
approach ~ero, the coefficienta, Ci and Ce approach I, 
and the "flexible end moments" beco.e the usual fixed end 
aoaenta, Hf. 

A final point of corroboration is obtained by letting "g" 
become infinite (far-end pinned condition) and 'Ia" become 
~ero (fully continuous beam). It can be seen that the right 
moment, Me, goes to zero, and the left fIIoment, Hi, goes 
to I.SMf. This would also be given by superposing an equal-
and-opposite I'Hf l

' at the right end of the girder to nullify 
the fixed-end "Hf": the left moment becomes 1.5Mf with 
the 0.5 carry-over factor. 
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The above expressions are easl1y automated on a progre_
•• ble calculator. Alternatively. a plot of realistic canges 
of the Connection Flexibility Parameter and Relative Flexi
bility Factor can provide 8 simple deslgn aid for obtaining 
flexible end .oments on girders, 8S illustrated belovo 

PROPOSED DESIGN PROCEDURE 

The above development for predicting flexible end comente 
caR be read!ly incorporated into the usual Type 2 design 
procedure , by appending refinement deaign calculations 
to the Type 2 results . This section summarizes the proposed 
Modified Type 2 Design procedure. Verification of its safety 
and econo_lea that can be achieved in 1t8 use are described 
in reference 1. 

MODIFIED TYPE 2 DESIGN PROCEDURE 

STEP I: FRAME DEFINITION 

STEP 2: LOADING DEFINITION 

STEP 3: ASSUMPTIONS 

(same 88 Type 2) 

( •••• as Type 2) 

Assume column effective length factor for in-plane buckling 
and moment amplification, Ix • 1.5 

STEP 4: ANALYSIS (same as Type 2) 
Wind loading - use the Portal Method. 
Gravity loading - assume girders are pinned . 

STEP 5: DESIGN (s.me as Type 2) 
Use allo wab le stress design provisions , Part 1 of AISC. 
Use either extended flange plate connections or Type 

2 wind connections (top-and-seat angles with web clips) . 
DESIGN CONNECTIONS fOR WIND MOMENT ONLY. 

STEP 6: GRAVITY RE-ANALYSIS 
a. Calculate initial elastic stiffness of connection, 

ki (e.g ., inch-kips/radian) . 
b. Calculate representative connection stiffness: 

Use k - ki for flange plate connections. 
Also compute plastic moment capacity of 

flange plates, My (e.g., inch-kips) . 
Use k O. S*ki (or other types of connections. 

c. C.lculate Connection Flexibility Paraaeters for girders 

• . EIg/kl 

d. Calculate Relative Flexibtlity Factors at exterior 
joints 

g . IS/1 
L Icfh 
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e. Deter.ine flexible end .oaent coefficients for girders 
Cl • 1 + 28 - 8 I 

3(g + I +68) 

Ce - I + 2. + 2~(1 + 38) 
3 I + 68) 

f. Calculate flexible end moments of all girders. 
Hi • Mf/e! (not to exceed My , if flange plates) 
Me • Mf/Ce (not to exceed Hy . If flange plates) 

g. Adjust f rame moment diagrams for ne w flexible end 
moments. 

Girder midspan moments 
Hss - O.5*(Hi + He) 

Exterior column 8xials 
Pg - (Hi - He)/1 

Interior column axials 
Pg + (Hi - He)/1 

Coluen moments 
He * 

REPEAT STEPS 5 AND 6 UNTIL 

Ic/h 
I. Iclh 

NO CHANGE 

REFERENCES 

1. Ackroyd, M.H., "Design of Flexibly-Connected Steel Building 
Frames " . Final Report to American Iron and Steel Institute, 
Project No. 333, Rensselaer Polytechnic Institute , Troy , 
N.Y •• November , 1985 . 
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llr 

PAPERS ON nAHE SIAlUUry 
AND SIMPLIFIED METHOpS 

The papers that were presented in this session geve significant 
information on the development of practical approaches to column and 
frame It.billey, a. well as the development of methods that may be 
r ••• ibl. for design office usage. The correlation between theory and 
c •• c. h.. b •• n found to b. very good for the advanced solution 
technique.; it wa. agreed that a major effort should b. undertaken to 
bring semi-rigid concepts into practice, and the simplified method 
approach may b. the preferred way . 

Several speaker. and discussers affirmed .arlier co=ments regarding 
the influence of the initial and unloading sCiffne.s.s of the beam-to
eolumn connections . This would also apply to column footings, although 
research should be conducted to establish the full range of mom.nt-axial 
load int.raction, and the eff.cta of this on the K-~ - r.lationship for 
the footing . However, it wa. indieated that the column footings 
generally provide much more restraint than what has been assumed in the 
past, especially for longer columna . The need for full-.cale testa was 
empha.ized, to provide further correlation studies with the theoretical 
findings. Long-term effects and cycliC load. were also mention.d : it 
wa. pointed out that both may lead to a deterioration of the stiffness. 

Good correlation was found between the stability studies of 
individual columns and columns in subassembla,es and frames, especially 
in.ofar a. the influence of the connection stiffness i. concerned . The 
application of the column stability solution to unbraced frames was 
debated ; originally it was thOUght that the effect of the transfer of 
the beam moment into the column at the in.tant of buckling would aake 
for an uncons.rvative application. However, the frame subassembla,e and 
full-scale tests had demonstrated that the buckling capacity and 
behaviour were much less .ensitive to the moment transfer, which would 
appear to indicate that the column atability solution aay have wider 
applicability. This i •• subject in need of further r •••• rch . 

Th.re wa. g.neral agreement that the development of si.plifi.d 
frame analysis and de.ign methods had the potential for offering economy 
in de.ign a. well as construction . For example, taking advantage of the 
end reatraint would lead to low.r gird.r stre •• levels. However, several 
dilcu.aers noted that serviceability cheeks would b. critical . It was 
also pointed out that revised drift li.its would have to be dev.loped 
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for frames with semi-rigid connection., recognizing that the commonly 
used (average) limit of 0 . 0025 for the ratio of building drift to 
build!ng height had been arrived at for structures with rigid 
connections. In other words , If the computations of the drift values are 
more accurate, than the drift liDits viII have to be revised . This would 
appear to b •• suitable topic for a major research effort . 

Summarizing, there seems to be substantial agreement on the 
buckl!ng characteristics and controlling parameters for members and 
frames . Ultimate limit states are well defined. the solutions are less 
sensitive to connection stiffness variations than previously thought, 
and tests and theory compare favorably . 
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~RFD CONNECTION DESIGN 
IN USA 

Robert O. cisque 
Dlrector of Building Design Technology 

American Institute of Steel Construction 

ABSTRACT 

The American Institute of Steel Construction has been 
researching a limit state design procedure for structural 
steel since 1969 . The principle investigator has been Or. 
T.V. Galambos , then of Washington University and now at 
the University of Minnesota . The design specification and 
Manual of St~el Construction was completed in 1986. The 
USA is now in the process of converting from the 
traditional allowable stress design (A SO) to a limit state 
procedure , termed Load and Resistance factor Design 
(LRFO) . This paper presents the basics of how connections 
are designed using LRFD. 

Basic Beha v i o r 

All steel connections have a unique Moment-Rotation 
Relationship. See Figure 1. The characteristics of the 
curve depend on the thickness of the material , size and 
number of bolts , configuration of detail material , etc . 
The state of the art does not permit a designer to predict 
the behavior of the connection, except in a few well 
defined cases . LRFD classifies frames according to the 
type of connection - partially restrained (PR) or fully 
restrained (FR). The designer must decide which of these 
he/she has before analizing the frame. 

Fig. 2 shows examples of FR connections . Fig. 3 shows 
examples of PR connections . 

322 
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Bo lts in Te nsion 

The design load in tension is specified as 11( . 75)F u (Ag ) , 
where 11 is the r esista n ce facto r a nd in this ca s e equals 
0 . 75 . Fu is the ultimate st r ength of the b olt material 
and Ag is the gross area of the bolt. In contrast to what 
may be permitted in some European specifications , the 
bolts must be pretensioned . Prying action may be a facto r 
in bolt size and mate r ial thick ness . 

Bolts i n Shear - Strength 

Bolts in bearing ty p e connections transfer shear load " 
through the shank of the bolt. prete nsio n i ng does not 
affect this capacity . In many app l icatio ns , therefo r e , 
pretensioning is not required . In these cases , t h e 
connection is termed ·' snug - tight ". In cases where the 
performance of the co nnection is critical , p r etensioning 
is required . The specification defines the t wo cases . If 
the threads are e xcluded from the shear plane , the design 
values are higher than when they are included. This 
philosophy is the same as ASO . 

Bolts in Shear - Servicea b i lity 

In cases where frequent load changes are contemplated 
which might result in a fatigue failure , bolted 
connections should be designed as slip-c r itical , formally 
called friction-type. Since this type of loading only 
occurs at worki ng load s the connection is designed at 
service loads rather then at factored loads as is the 
usual case with L RFO. The specified resistance is 
apptoptiately reduced. 

801 ts - Mate rial in Bea ring 

There are two conditions for the material bearing value . 

Condition 1 - Edge distance is more than 1.5 times the 
bolt diameter . 

Condition 2 - Edge distance is less than 1 . 5 times the 
bolt diameter . 

Condition 1 contemplates a failure by gross distortion in 
the material . Condition 2 protects failure by tearing out 
a "slug" of material between the bolt and the end of the 
material . 

For cond i tion 1 the design load is specified as 1 . 8 x Fu x 
bolt diameter x t (material thickness). For Condition 2 , 
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the design load is 0.75 x Pu x Edge Distance. 

Because of the two conditions , connection design may 
require that the bolt loaded next to an edge may have a 
different bearing value than the other bolts. 

Por Condition 1, the specified value is _ x 2. 4 x Fu x d x 
t , with; • 0.75 . If the designer is not concerned with 
hole distortion , 3 . 0 may be substituted for 2.4. 

Bolts - Block Shear 

Block shear is a failure mode first codified in the AISC 
Manual in 1980. The LRFO procedure is different but more 
logical . There is no longer an edge distance requirement 
normal to the load but block shear must be checked for 
either of two possible failure modes: tension yielding and 
shear fracture or tension fracture and shear yielding. 
The larger of the two governs because block shear is a 
tearing phenomenon and the fracture term is the 
determining one and it is not obvious which is that term. 
Tension yield is taken as 0.75 Fy; shear fracture· 
0 . 45F u . Tension fracture . 0.75 x Fu; shear yield. 
O.45Fy · 

Bolts - Inter action 

Interaction equations are specified for both strength at 
factored loads and slip at service loads. For strength, 
the design tension is, 

~F ' t • 85 - 1.8fu < 68 

The slip critical allowable shear is, 

where tb is the pretension ¢V· = ¢V x (1 - T/ Tb) 

Bolt s - Ecce ntr i c Loads 

When a bolt group is loaded eccentrically (Fig. 4), 
rotation occurs about an " instantaneous center". The 
procedure for determining the design load is as follows. 

1. Assume location of instantaneous center (i.c.). 

2.Determine Ri for the heaviest load bolt (farthest 
from the center of gravity) from, 
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3 . Ri for all the bolts is calculated based on 
determined from the line~r ratio of the bolt dis 
tance from the i . e . 

4 . R and the moments for all bolts are summed and the 
statics for the group is checked. 

5 . The location of the i . e . is iterated until equili 
brium is satisfied. 

I a....~ . p 

I·e. 
~~ -/ 

'\ ", 
'\~ 

FIG..Lt 

Bolts - Pry i ng Action 

For certain devices where a bolt is in tension (Fig _ 5) 
the bolt is subjected to additional load. This , of 
course , adds to the bending in the plate. Although , the 
phenomenon is complex , AISC has simplified it by assuming 
that the bolt receives additional tension . In reality , 
the additional load is probably a combi nation of tension 
and bending . Fig . 6 diagrams the procedure as formulated 
by AISC . 

The first extreme is when the plate is very thin ( ex • 
1.0) and in double curvatu r e . In this case the bolt is 
loaded the most . The second extreme is with a thick plate 
( 0<.. ·0.0) in single curvature . Here the bolt receives 
only the calculated applied load . It is necessary that 0<. 
be assumed to be within 0 . 0 and 1.0. 
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FIG.5 
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The dimensions used in the formulas are shown in Fig. 7 

The formulation follows: 

a . 1 - d' /p 

f . b'/a' 

(3 • 1/ f x ( 6 /T - 1) 

0<. ' 1/ b x t p / (1 - (3 ) I 
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The plate thickness is calculat~d to resist bending and 
is, 

t, • 

The design procedure shown here is fo r a strength l imit 
state and as such , used with factored loads. for a 
serviceability check , as in the case of fatigue loading , a 
different formulation is required . In this case , the 
designer is refe rr ed to the &th Edition of the AISC Ha nual 
of Steel Construction. 

Welds - Fillet 

The LRFO design value for fillet welds is e xactly 1.5 
times that fo r allowable stress design . Identical designs 
result when the live load - dead load ratio is 3. 0. ThIS 
design vatue is , 

, x 0 . 45 x F EXX 

where , 

, • 0 . 75 

FEXX • Classified strength of weld metal 

A. stuuy of tests on fillet welds indicates t h at t h e LRFO 
sp~cifled value is very conservative - especially when the 
load is transverse to the longitudi nal axis of the weld. 
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We lds - Ecce ntr ic Load s 

An instantaneous center procedure, similar to that used 
for bolts, has been developed for eccentrically loaded 
weld groups. However, the welded case is very much more 
complicated because the strength deformation curve for 
fillet welds depends on the angle to which the weld is 
loaded . As seen in Fig. 8 it was assumed that the 
ultimate strength value was a straight line and equaled 
the specified value of 0.6 x FEXX ' When the deformation 
on a particular weld segment was small the computer 
program follo wed the load - deformation curve down the 
real curve as indicated in Fig . 8. When the strength of 
the weld group was determined , a ¢ of 0.75 was applied. 

Groove We lds 

The design strength of groove welds is essentially the 
same in LRFO as in ASO , that is , it matches the strength 
of the material it joins. The effective throat dimension 
depends on the welding process , welding position and the 
included angle at the root of the groove. 

Deformed/on, 1). 

FIc",5 



Hlchael I. Gilmor 
Canadian Institute of Steel Construction 

201 Consumers Road, Suite 300 
Willovd~le. Ontario . HlJ 4GB 

CANADA 

ABSTRACT 

The design of structural steel connections in Canada as covered under 
CSA Standard CANJ·S16.1-H84 is discussed. particularly as related to the 
ultimate strength of bolts and velds. and to the serviceability of slip
resistant connections. The results of recent research on partial joint 
penetration groove velds, longitudinally and transversely loaded fi1let welds, 
gusset plate connections , and the strength of fillet velds in HSS truSs joints 
are presented, as veIl as some of the conclusion. drawn to date. 

DrrROIlUCTION 

In 1974 Canada adopted its first structural steel design code based on 

limit .tates design, CSA Standard 516.1 , "Steel Structures for Buildings

Limit States Design" I as an alternative design philosophy to the traditional 

allowable str ... methodology. Since then. an ever increasing number of steel 

structures have been designed with this new standard. ranging from shopping 

centr.s to • 40 000 tonne nuclear power plant. With the introduction of the 

1985 edition of the National Building Code of Canada. the older allowable 

stress design standard . the 1969 edition. va' no longer referenced, leaving 

the 1984 edition of the It.it states design standard [1] as the only 

structural st •• l design standard in Canada. 

Although the formats differ from their allowable stress counterparts. the 

clauses related to connections covered similar areas but have been expanded 

where new knoilliedge WAS avaUable. In 516.1. strength requirements for bolts 

in tension. in shear . and in combined shear and tension are given. The 
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strength of the plate elements within a bolted joint are written as bearing 

requirements. Serviceability requirements of bolted connections, where slip 

at service level loads 1. critical to the usefulne •• of the structure, are 

written in terms of the total slip resistance of the joint. 

For welds. resistance. are liven for complete and partial jOint penetration 

groove welds. fillet welds . as well as plug and slot welds, in terms of the 

strength of the weld metal and the base metal, at the joint. 

516.1 permits simple construction, spechl simple construction. and 

continuoua construction. Special simple construction permits the use of 

connections to resist gravity loads on the ba.!s of simple construction and 

lateral loads by distributing the moments due to bteral loads among selected 

joints of the frame. However the Standard qualifies this method and its use 

seems ltmited to smaller structures, as there are no rul.s set down in 516.1 

for the method of analysis nor are the behavioural assumptions liven for 

various connection aea.etries. 

For continuous construction. the Standard doe. provide the requirements 

for riaid joints similar to those in AlSC's Specification. 

Bolted Connections 

516.1 is concerned primarily with hiah strength bolted connections and 

describes their tensUe and shear resistances in terms of the ultimate tensile 

strenath of the bolt, Fu ' the cross-sectional area of the bolt based on the 

nominal diameter. and the following ratios. as appropriate. the tensile stress 

area to nominal area. the root area to nominal area. shear stress to tensile 

stress. The resistance factor, the number of bolts. and the number of shear 

planes complete the specification of the joint's resistance. 

For serviceability. the slip resistance is stated in terms of the ultimate 

tensile strenath of the bolt, the nominal area of the bolt, and a factor 

relating slip probability for the surface type and condition. tensile stress 

area to nominal area, and prelo~ to ulttm&te tensile load. 
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The bearing resistance of the plat, material vithin a bolted joint i. 

stated in terms of the ultimate tensile strength of the plate, its thickness 

and the end distance of the bolt. 

Bolted joints in shear must meet the shear and bearing requirements and 

may also meet the slip requirements. 

considered to be the exception rather 

However, slip-resistant joints are 

than the rule. 

Installation of high stren8th bolts is restricted to turn-of-nut method or 

the use of direct tension indicators. 

For inspection, the emphasis is on the observation of the actual bolt 

installatIon. For 

inspection. that the 

!!!.l!!!. 

bearing-type 

bolt has been 

connections subject to shear. visual 

tightened. is all that is necessary. 

Under limit states design the technical requirements for welds are 

virtually unchanged from allovable stress standards. Depending upon the 

type of load and its orientation, the veld resistance is taken as 

i) the same as the base metal, 

ii) the lesser of the shear of the base metal on the fusion 

face, 

or 

iii) shear on the effective throat of the veld as a function of 

the area of veld, the ultimate tensile strength of the veld 

metal, based on its electrode classification, and the ratio 

of shear to tensile strength of the veld metal. 

The Standard does permit the designer, for the veld group in a 

connection, to use an ultimate strength analysis method to determine the 

resistance, instead of the traditional elastic analysis method, but no method 

is gi ven. 

Restrained Members 

Hembers retrained either due to full or partial end fixity must be 

designed for shear and moment. S16.1 provides requirements for column v.b 
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stiffeners when beams frame into H-type column members based on the 1959 

work of Graham, Sherbourne. Khabbaz and Jensen. 

For corner and "T" type joints, the designer is cautioned to detail the 

joint to minimize the risk of lamellar tearing. 

Bolts and Welds in Combination 

While bolts and welds are permitted in the same shear plane. the number 

of bolts are to be determined based on slip resistance at service loads, and 

the ultimate resistance of the connection is limited to the greater of that of 

the weld or bolt group. This recognizes that the load-defo~tion response 

of bolts differs from that of welds. Other than performing a load-

deformation analysis of the connection as a whole. this conservative 

approach, to take the larger of the two individual resistances, is used. 

III!CI!Ilr I!I!SIWICII I!I!SULTS 

As the cost of fabricated, erected structural steel is influenced heavily by 

the man-hours required for fabrication, it is essential to ensure that 

connections are both economical and reliable. In the past few years a 

number of research projects have been undertaken in Canada which deepen 

our knowledge on connection behaviour and reliability. This portion of the 

paper will touch on some of their result~. 

Partial Joint Penetration Groove (PJPG) Welds 

According to any standard in North America for welding. AISC [21. AW'S 

[3], or CSA, a PJPG weld is permitted to carry, in tension perpendicular to 

the weld axis. only two-thirds of the load of a complete joint penetration 

groove (CJPC) weld of similar weld size and electrode strength. This 

produces considerable fabrication difficulties when backing bars cannot be 

complete or when the root pass cannot be backgouged and rewelded. in order 

to qualify as a CJPG weld. Thus a joint with as much as 99.9% penetration 

can. by specification. carry only 66% of the load in the parent plates. 

In 1977, Popov and Stephen [~]. in a limited series of tests, investigated 

t he strength of pairs of PJPC w,elds. in static and cyclic behaviour, in 

splices of Wl~ columns. Welds from complete to only 23% penetration were 

tested. 
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Recently. kennedy and Gagnon [5] te$ted 75 specimens with BrODVe welds 

of 5 different penetrations, ranging from 20% to 100% of the plate thickness. 

in plates of two steel grades, some singly and some in pairs. The PJPC 

walds tested singly were intended to demonstrate any influence of 

eccentricity of load with respect to the weld axis. All welds were single V 

45 - bevel SHAW weld. made with 3.2 mm diameter E48018 electrodes. 

For the specimens tested singly. the mean failure stress of the weld was 

1.15 times the ultimate stress of full penetration welds with a CoVot 10.2%. 

For welds tested in pairs the ratio was 1.17 with a CoV of 11.2%. 

Kennedy and Gagnon noted that their results were consistent with those 

of Popov and Stephen, as well as Lawrence and Cox, and drev the following 

conclusions: 

( a ) " ... such velds on A unit area basis are as strong as full 

penetration velds •.• "; 

(b ) "Welds tested singly (and therefore eccentrically) .... ere as 

strong as double velds tested concentrically. The specimens 

vith eccentrically loaded welds deflected sideways reducing 

the eccentricity on the velds as veIL as the ductile straining 

produced a mean uniform stress distribution across the weld 

throat."; and, 

( c ) "As the percent penetration decreases the restraint to 

lateral deformation increases vith the result that the veld 

strength increases over that proportionate to the veld area." 

Por design, Kennedy and Gagnon recotJDended that "PJPG welds loaded in 

tension be designed on the basis of the percent penetration multiplied by the 

ul t imate tensile resistance of the plate. Root passes must be properly made 

to achieve uniformity of depth and the desired penetration." 

Fillet Welds 

Current veld design standards base the design for fillet velds on the 

strength of longitudinal fillet velds regardless of the direction of loading [1-

3J. Although CSA Standards 516.1 and W59 [6] permit an ultimate strength 

analysis none is given. In 1971, Butler and Kulak (7] proposed that ultimate 
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strength be calculated from the load-deformation response of the weld as a 

function of the angle of load using the instantaneous centre of rotation 

model. 

A"lthough stre.nsths of fillet velds have been studied since the early 

1930' s, few tests have been done on fillet welds loaded at intermediate 

angles. Butler and Kulak. Clark [8], Holtz and Harre. Swannell and Skewes 

[91. and Biggs et al (10) have contributed to the exper i mental data while, 

Nels (11], and Harsh [12] have attempted to develop mathematical model s. 

In a carefully designed and instrumented test progrume invelv!ns 42 

specimens (seven different loading angles, two weld sizes with t hree 

specimens for each combination). Miazga and Kennedy (13) showed that the 

strength of fillet weld. determined by the vector sum o f the longitudi nal and 

transverse stresses. is overly conservative. 

Miazga and Kennedy demonstrated that an analysis method based on the 

maximum shear stress failure criteria is in good agreement with the test 

data, with a test-to-predicted ratio of 1.01. Further. the maximum shear 

stress failure criteria is better than methods based on either maximum 

nOrmAl stress or von Hises strain energy of distortion fa i lure criteria . 

In their tests, all specimens failed in the weld while the plates were not 

strained beyond the yield strain. Miazga and Kennedy also examined the 

role, if any, of frictional forces, as proposed by the International I nsti tute 

of Welding(I:rw>. in the analysis of the results and concluded that they " do 

not appear to be a significant factor in the analysis" . 

In an examination of the measured weld deformations, they stated: "By 

normalizing the deformations of the velds, measured in the d i rection o f 

loading, to the gauge lengths used to obtain the deformation, it is c oncluded 

that the fillet weld ductility is essentially independent of t he loadi ng angle. 

and that the deformations are proportional to the gauge length" . 

Gusset Plate Connections 

While gusset plates have been use~ for decades. a rational design method 

has not been fully developed. Since Whitmore's [141 effective width concept 

not much has been reported until work by 8jorhovde [151. and Richard ( 16 ) . 
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The •• recent prolrUIDIIs have coabJ.ned physical teae. with finite element 

modela to better define tensUe behaviour. Hovever, in certain circuastanc •• 

concerns have been raised vhen a sinale lus.at plate lapped to • connection 

plate vare subject to compressive load.. Chena [17] haa shown, ba.ed on 

limited teats. that the effective width approach can gro .. ly over-•• tiaate the 

collap.e load of the connection whU. ASSIfl'C)'. I1111t of 930/./1y for an 

unsupported edge i •• conservative It.lt in such situations. 

An obvious v.y to avoid the problem is to detail the connection to 

ensure that. stiffener, even to the connectIon plate, ia provided. Certain 

shapes can be coped or blocked to enlure a flanS8 or Ie. ia retained to act 

as a stiffener on one side of the connection. Alternatively, an &nIle can be 

attached to the conn.ction pl.t. to provide the n.c •••• ry .tiffn •••• 

HSS Truss Conn.ction. 

WhU. much r.se.rch has been done on the joint strength of HSS members 

connected in a trus •• less attention .... been paid to the actual performance 

of the conn.ctors. u.ually the velds. When fillet welds ar. u •• d. a weld 

Ie. size of 1.2 time. the wall thickness has be.n r.commended. However. in 

.. ny .ituations, chords and web. ar. sized for more than str.nlth. Often 

the joint .trength rules ensure that the wab members are laraer than 

required solely to carry calculated loads. Thus a design methodololY relatin. 

the size of the fillet w.ld to the c.lculated force to be carried by the truss 

member would be more satisfactory and more economical. 

Work is currently underway .t the University of Toronto under Jeff 

Packer to investigate the .trenath and behaviour of fill.t welded HSS tru •• 

connection •. Tests on isolated joint. have been completed [18] and full .cale 

truss tests are now bein, planned. 

It is hoped that this research will develop r.tional dedsn rul •• for fillet 

welded HSS truss joints to complement the IIW joint strenlth rule •• 

CIIICUlSIOIIS 

While adoptinl a limit states desiln .tandard has helped focus both the 

code writer. and the de.ilner. attention on thft actual failure mechanisms of 

connections. research continues to point to areas where the marlins of 
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safety .~6 inconsistent and improvements can be made with aignificant cost 

savings. Controlling weld volume in any structural steal joint results, not 

only in reduced fabrication costa and improved ability to compete vUh 

concrete structures, but also in reduced .hrinkas. and distortions in the 

work piece, and more favourable residual stre.sas. 
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PRACTICA L CONSIDERATIONS IN THE DESIGN 
OF FRA MES WI TH PR CONNECTIONS 
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ABSTRACT 

The codification process that will allo..., structural engineers to 
design buildings using PR connections has been cOlflpleted In t!"le United 
Stites with the publk:ation of the lRFD SpeciftCatlon. The design of such 
frames r"eQUires a different design approach due to ttwo non- line.r'" response 
of the frames. The write"-s fir'm has had f:)(per'iencf' In the practical 
application of the frln'6 using PP conf'@Ctions. TM: purpose of this paper 
Is to emphasize some of the most important factors for the practicing 
engineer to evaluate when designing bulldinQs with PR cormflctloos. 

Onf' of the most promising structural conct>pts now rf'ceivlf"lg a great 

amount of attention In both research and in practical applications Is the 

use of PR connections in frames. In the United 5tatf's with t!"le recent 

publication of t he current limit design speclficatlons ll ! - LI~FD - use of 

actual connection restraint tlas been recognized. Through ttle LRFD 

specifications, the designer has the guidelines to produce safe dpsisns 

that employ PR connKtlons. The rteld is now opm. While the design rulf'S 

are there throt..l9h lRFO , the actual experience and recordect performance of 

frames in real buildings with PR connections are far betllnd the ted'f'lical 

design aspects. It Is true that frames using other assumptions of 

connection behavior. such as the Typf' 1 semi- rigid of ttle ~SIC 

specific:aUons. have been used for many years. However. frames usl~ the 

actual moment rotation curves for the connections tlave not yet bpen 

designed in gre.t numbers in t"'e United Shtes. Tnus. a limited 

performance base Is available to the profession. This papf'r will describe 

some of the Important design aspects t"'at have been learned tnrough ttle 

writer's actual design of buildings with PR connections. 

Very Imporhntly. a word of caution Is £lIven. The 

buildings wit... PR connections' reouires a special levpl 

consideration to produce II safe and economical end result. 
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proble." 15 nOl"-linear lind that one fact alone sets the design apart from 

the nor",81 design Pf'"OC:@SS used by tne majority of today's engineers. The 

en tire design process for a system that responds in it non-linear fashion 

as compared to one that has a linear response is different. Unless done 

properly. a non-linear system will not always have a sufficient degree of 

safety and may well he unsafe. Earlier papers r2 •3J oy tne writer have 

given some specifics concerning Inelastic VS. elastic designs. 

One starts any design with PR connectlons with moment-rotetten cUr"Ves 

for the connections. An immediate observation is rrade. The predk:tlon of 

the behavior of the ,ystent will only be as accurate as the connection 

moment rotation curves that are llsed. The designer must know the limits 

of ,",is curv .. s. He must not extrapolate beyond known limits and he must 

not c!"lange t!"le connection from the tested conl"lection that generated the 

rnotr'ef'lt I"Otation curve. While these points seem obvtous wOen menUoned. In 

the real wor"ld of the practitioner. It is very easy to allow a slight 

modification to II connection detail. say . for the convenience of the 

fabricator. Even the simplest change can substantially affect behavior. 

So practically speaking. the designer must watch very, very carefully to 

see that his design in the field Is the same as !"lIs design in his 

co",puter. Whereas in buildings with other types. conformance of final 

design to inte-nded design may not bp as Important. but In buildings with 

PR conroections~ it Is of paramourot importar'lce. If what is used Is not the 

exact same as what was designed, the result could mean disaster. 

The analysis routines used for frames with PR co"nectlo"s art> 

extrPm~Y irTlpOrtant. Assumi"9 valid moment- rotation curves, the predicted 

hphavior used for desiS" mtlst accuratflily portray actual behavior In a 

fashion sufficiently accurate for des ig n. The writer has found that an 

elastic secone order al"lalysis using non- lineilr ",oment rotation curves and 

factorpd loads will produce sufficient results for desl~n. The second 

or(1pr analysis should indud£", as ill lTIini",um, frar'l'e P-ctelta, loss of column 

stiffness due to axial load on columns. individual mpmner P- delta. and 

i"f"lastic moment rotatio" curve capahilities. In addition, it should have 

the computation rout ines in the prosram for colum" K-factors for each 

loadinr. Pro{lrams of this type have worked well in t!"lf' writers deslsn 

prilctice. More elaborate analysis routinp.s, for instance, to Include 

paF'"tial plastifications of colunm cross sections hZls root been found to be 

npCPss2lry for dpsi~n. Suffichmt accuracy for design of hull dings does 

seem to rfl!(':uire such elahoratf" pro£rams. For research applicatior"ls ; 
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however. It Is a different matter and for ttlese Instances it is wise to 

use the most accurate tool available to verify research results. 

Another Important design aspect Is to match the proper type PR 

connection to the frame that is to be designed. As an example. it very low 

building sever.' bays deep in the direction of light lateral wind loadi",g 

does not reQulr. a connection that will develop a large moment In the 

connection. Therefore, a practical design will use the connection with 

Just the right amount of restraint. such as a pair of web angles or a very 

thin end plate. Top and bottom seat angles or thick end plates are not 

needed. The writer has found the best economies comt" from using the 

connection that furnishes tn. least restraint but yet yields it s.fe 

structurf". The more the restn.lnt# the ",orp costly the connection so, 

therefore# It is wise to use the least possible restraint In the 

connection to achieve the least expensive connection cost. As latf'ral 

loads Increase In relation to gravity loads, as the hullding becomf's less 

and less deep In the direction of loading and IS the building hecomes 

taller. more and rnorp connection restraint Is ~pmanded. Th. art of 

matchln~ avanable connection restraints to reouired dprnand is presently 

being learned by designers. As the experience is gained, It will h .. 

possible to produce it reference of past successes and failures for the 

profession to use. The PR connection selection will beco",e an integral 

part of the design process. 

A very important design consideration In frames with PR connections 

Is the drift of ttlese frames. The less the connection restraint , the more 

the drift. Moetl research has been focused on the ulti",ate loads needed on 

frames with PR connections for collapse and shake down. From a practical 

deSigner's view. allowable drift lin-its for dama£e or occupant corrforl 

seem to always comp before a fralT'e Is pvpn close to collapsf'. Ttle fact Is 

especially true if one adopts the philosophy of using the minimum 

connection restraint reQuired for t,",e actual demanc1s. The writer's 

experience has been that allT'ost without fa il# drift reouirn the ",ost 

connection restraint, not gravity loads. In the writer·s designs. dr-ift 

Is controlled by selectively adiusting the available connection rutraint 

to the demand. If one follows that procedurp, it safp hllilcfinr d(tsi~n 

controlled hy allowahle drift will result. 

One final consideration ",yst be mentioned and that is individual and 

overall stability. For overall stahility. any ar'lltlysl s routine for tramf's 

with PR connections should indicate that unstahility (txists when t"e 
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convfOrgence criteria of the routine is nC]t met. If. valid solution does 

not exist, tl"len the design is not valid. Individual member restra1nt; 

I.e •• effective length. is r'Ieeded to design COI1l>re5SMln members. One ",ust 

be able to accurately compute the effective restraint offered to a column 

by tt'l. beams connecting with PR connections to that column. Column K 

factors .r"e directly Influenced by the available connection restraint. 

Tl"le smaller the available restraint, the larger the K hctor. Since 

available connection restraint Is variable under different loads, K 

factors will vary with loading. This variance Is due generally to the 

non -li ne.,. sh.p~ of most moment rotation curves. In practlca' terms , the 

designer must be very carf'ful to use the proper procedures to determine 

his K factors , lest he can have a very unconservatlve design. The less 

stiff the connection selected by the designer. the greater this problem 

beoomes. Therefore, pracUcal designs must always be precise In this area 

of computation. 

I t Is possible to design frames with PR connections and produce safe 

economical structures. ~any factors must be considered and must be 

carefully designed to avoid having a structure that does not perforrTt as 

Intendt-d. Hopefully , this paper has presented some practical aspects for 

consideration by designers when confronted with the task of designing 

frames with PR connections. 
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ABSTRACT 

The Mexico City Earthquakes of September 19 and 20. 1985 afiected about 
]000 buildings, )30 of tham suffered either collapsed or sever. damage. Sin 
ce there are about 1'200,000 buildings in Hexico City, while the nuaber of
affected number i. large, its percentage is very small. Only 12 Steel buil
dings received important damage. This paper describes the principal types 
of steel construction existing in Hexico City at the time of the Earth- • 
quakes . particularly as regards to its connections, and relates them with 
its construction time. A recepilation of the Seismic Codes development is 
given and the connection's seismic behaviour is discussed. Proposed imple
mentations of the new Code to incorporate the use of Flexible Connections 
are discussed, based on the evidences left by the earthquakes. 

INTRODUCTION 

Seismic provisions for the design of buildina. in Mexico City, have -.. 

been incorporated into the Design Codes since 19&2. Several revisions of 

them have taken place since then, based principally on the observations of 

building damaaes and frame behaviour under extreme earthquake load ina. The 

major earthqu.kes occurred in 1943, 1957, 1962, 1979 and 1985, served to 

calibrate prevIous provisionsrand to incorporate changes in the newest . 

versions (J). 
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The construction of steel-framed buildings in Mexico City started back 
• 

in 1910 with the execution of Museums, Theatres, Railroad Stations and Hon~ 

ments. The first multistory-steel-framed office and hotel buildings appea-

red in the late 20's,all of them built with ASTH A-7 type of structural -

steel. using built-up-columns and I-beam sections in simple construction. 

Lateral load resistance was accomplished either thru shear action of the 

multiple masonry filler walls or by elementary double-angled X-bracing sys

tams. 

8y the mid 30's some steel framed buildinS5 incorporated knee-braces to 

the simple beam-to-column connections, in order to eliminate the need of 

some of the interior filler walls, without losing its lateral load resista~ 

ceo 

By the late 40's and early 50 's most of steel framed multistory buil-

dings were incorporating moment-frame action by the use of moment beam-to

column connections in riveted construction. Welded-moment connection appe~ 

red in the 60's and high-strength bolded connections in the 70's. 

No specific provisions were made in the Building Codes to account for 

the flexibility of semi-rigid connections in particular. However. begining 

with the Emergency Regulations issued on 1957. the recognition of the ine

lastic frame action in the seismic behaviour of building frames. originated 

a series of different approaches to building seismic design. 

The observations of the damage produced by the September 1985 earth

quake on several steel-framed buildings, most of them built before 1957, 

contributed in a very significant manner to understand the behaviour of 

different types of beam-to-column connections. Even though most of them 

were not specifically designed bearing in mind its amount of flexibility· 

and rotation capacity, the assessment of their seismic behaviour displayed 

interesting parameters, SOme of which are discussed in the present paper. 

TYPES OF BEAM TO COLUMN CONNECTIONS. 

Figure 1 shows some of the most common beam-to-column connections used 

in riveted construction in the 30 ' s decade. In some cases , encasement in 
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concrete of both beams and columns for fire protection purposes, served -

also as a joininl material with the filler masonry walls. This fire proo-

finl added silnificant strength to both the lateral and vertical loading -

capacity of the steel frame. Standard diagional anlle-X-bracinl. normally 

wit~ high 8lenderness ratio, substituted the vall in some instances, and 

fire proteciton was not always supplied. 

Figure 1. Riveted beam-to-column connection in Simple-Construction. 

Some buildings like the Hotel Del Prado, in Hexico City, had been re-

trofitted in the late 50's, after beinS moderately damased by the 1957 .

earthquake. The steel frame received we lded knee braces under and above the 

beams, to improve the lateral load capacity of the bare frame. Such a reirr 

forcement proved to be satisfactory inspite of being executed in a very -

crude way. (see elements marked with. in Fi~. 1) 

Pigure 2. 
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Figure 2 represents the first serious,lntent to attain lateral load re

sistance of the steel buildings in the 40's without the need of filler ma-

sonry walls. They also used riveted construction and A-7 St •• l. This type 

of construction displayed large drifts during the macro-earthquake of Sap-

tamber 1985, as a result of larse joint rotations. It ~s often found the 

knee brace either buckled or fatled in tension, and some of the buildings 

which survived. suffered permanent lateral deflections wh ich condemned them 

for demolition. Surprisingly. some others like the City Hall building com

plex, at the Central Square in Mexico City, fared very well showing up some 

damage only, and are being repaired now. 

Figure 3 shows the most typical type of connections found in the steel 

construction of the SO's decade. Riveted moment-connections of this types 

in ~ment-resistant-frame construction displayed and outstanding seismic 

behaviour in most cases , like the famous 44-story Latino Americana Tower 

and several other tall buildings , wh ich suffered no damage at all, nor -

given evident signs of distress on past major earthquakes . 

• (.oeo H · ner/ON , , 
r l f I )6ru 

¥ ~ - , 
- -l'--

I · seCT/Oil 

- H-

" , 
FIG. 3-A FfG, 3-8 

Figure 3. Moment-resistant beam-to-column connection typical of the 
50's decade 

The very high ductility levels exhibited by these connections overcame 

the large demands of overloading produced by the extreme earthquake suffe

red in 1957, 1962 and 1985, as it will be explained later. 

Figures 4 A and 4 B give an indication of the most recent types of , 

beam-to-column connections in moment resistant-steel framed buildings. 
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FIG. "·Il FfG. "f·8 
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Figure 4. Welded beam-to-column connection (2) and H.S. bolted connec 
tion used in moment-resistant. 

With the exception of the five-buUding "Pino Suarez" complex, built -

~ith moment ~esistant space frame in which one of the three 23-story towers 

collapsed upon one of the two 14-story buildings (remaining the other three 

in the range of severely damaged to moderately damaged), after the Septem-

ber 1985 earthquake, all other buildings having beam-to-column connections 

similar to the one shown in Fig. 4-A. displayed a very satisfactory ductile 

behaviour (2,3). 

In the case of this particular building complex, an overloading of some 

floors, the proximity of the building's natural period with the ground mo

tion, and the very long duration of the almost constant pulses of the - - -

ground, produced successive deterioration of the joints in the inelastic 

range, causing either buckling or fracture of some beam-truss diagonal -

which propicitated a collapse mechanism through l,rge inters tory drifts. 

enhanced P-Il effect of columns, local buckling of the box-colwan flange 

plates, and rupture of the joining veldements. 

Practically all the rest of buildings with these types of connections. 

had a very satisfactory ductile behaviour. although in some instances , lar

ge lateral deflections and insuficcient clear distances between adjacent -

buildings, propiciated further d~ge by poundina. Buildinas with connec-

tions of the type shown in lig. 4-B. displayed a remarkably good seismic 

behaviour with no damage suffered. This was also the result of a better --
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analysis. design and construction practices developed in the 70's decade. 

DUCTILITY DEMAND 

It is convenient to compare first the strengths required by the seismic 

codes used in the design of the structures inspected after the earthquake 

(collapsed, damaged or unaffected) vith those demanded by the measured or 

estimated ground motions during the 1985 Earthquake and with the supplied 

strengths (i.e. actual strengths of the constructed buildings at the time 

that such an earthquake occurred), in order to better understand the actual 

behaviour of the various types of connections included in this document. 

The damage assessment carried out on the steel buildings located in the 

most severely affected area of Mexico City, identified 102 engineered steel 

buildings (4). The most common type of framing found in this survey was the 

HRFO (Homent-Resistant-Prame-Only), being the second most common the HRPD 

(Moment-ResIstant-Frame with Diagional Bracing). Therefore. the following 

discussion concerns mostly to these types of structures. 

Based on the seismic coefficients specified by the various codes and on 

some simplifying but cons i stent assumptions. the demanded yielding seismic 

coefficient Cy. corresponding to the demanded nominal strengths (Vy/W) ~ere 

estimated on its upper and lower bounds (5). Figures 5-A and 5-B show these 

values of Cy compared with the linear elastic demand strength by the earth

quake motion. with 5% damping . 
c'
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Figure 5. Comparison of Linear elastic demanded strength (LEOS) deman
ded by the 5% damped Linear elastic response-spectra (LERS) of the recor- 
ded E-W component at SCT station (5) . 
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It can be noted that the strength demanded by the .arthquake ov.r.~~·· 

ceeded the upper bounds of the .inimum n0.1n81 yield1n •• trength. requited 

by the seismic code. since 1942. However in.pit. of this clear evidence, & 

lot of building. fared quite veIl. The .o.t sati.factory explamation of it 

11 •• in tva main reason.: .) The .trenath supplied by the filler wall., f! 

cades and non-structural element., normally not considered in d •• ians, and 

b) • larS8 amount of inelastic (plastic) redistribution of the internal 

force. and moment. due to the ductile behaviour of the connection •. 

The first point is • well recolnized effect in which the actual bull-

dinas will alway. supply strength. 30 to 180% larger than the theoretical 

de.ig" strength of the bare framing only (6). The second one i_ of i nterest 

to us nov since it recognizes the ductile behAviour of the structure. This 

mere fact eaved the Hexican Government to incorporate the inelastic desIgn 

spectra into the Building Codes of 1976. The observation of the danag_ to 

buildin._ in September 1985 produced a lubstantial increase of the seis~ic 

coefficients and a eare stringent requirement. for the ductile behaviour • 

of frames. Thus the inelastic response spectra (IRS) obtained by dividing 

the linear el.stic response spectra (LEIS) by tn. so·called ductility coef

ficient Q, liven by the newest codes, presents a more realistic situation 

which explains better the survival of so many buildin,s in Hexico City. 

(ri8' 6). Accordin. to the 1987 Code, (7) the recomended ductility values 

for steel moment-resistant-frames were reduced from the 6 to 2 range Spe

cified in 1976 to the range of 4 to 1. Similarly, the seismic coefficient 

C corre.ponding to the soft-arounded area was increased from 0.24, given by 

the 1976 Cod. to 0.408. 
'0.- . "Cl _ ...... " • •• ,0- ' " <, • '0.- , ~ , _0 ..... 0 '01., 

, ,. 3. 
T I~.(ond. l 

ri8ure 6. Inelastic response spectra (IRS) 
derived from the S% damped LERS of the E-W 
component at set, divided by Q-4. 

w. could well summ.rize that 

the New 1987 Seismic Code, the 

demanded strenath for ductile

moment-resistant frames, manda

te a 167% increase in the Ii - 

near elastic demand response 

spectra, but also a decrease 

in the value of the ductility 

ratio Q from the 6-4 range for 

the same type of frames, to the 

4-) range, for the moment-resi~ 
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tant-frames. All of this represent an )ucrea •• of 2.5 and 2.2 times the de· 

m.nded strength required by the 1976 Code, for the DHR1 and the KRF resp8£ 

tively. In addition a further increase of the importance factor from 1.3 to 

1.S •••• nti.l buildinl., allow. an additional marlin to the upsraded deman

ded strength. 

FUTURE DESIGN TRENDS AND RESEARCH NEEDED 

At this point. the seismic behaviour of steel framed buildings has been 

superficially identified with the type of construction. It. supplied stren

gth ha. been approximately compared with the evolution of the Code's stren

gth demands and the 1985 earthquake's demand, SUllesting that the enormous 

difference between the supplied elastic strength and the demanded elastic 

strength was furnished in great part by the many incursions of the steel 

frame into its inelastic behaviour. It was also pointed out that in many 

instances, the beam-to-column behaviour displayed large ductility values 

(4 or more) during the long duration of the seis.ic event, by means of -

several stable hysteresis cycles. 

However, it is difficult to assess the elastic rotations of the connec

tions and consequently the deformational behaviour of such connections. -

This of course. deals both ~ith the connection flexibility and the panel

zone-deformations, both of which were indeed responsible in a good part of 

the large drifts observed in some frames, but scarce energy dissipation. 

A revision of the 1987 Building Code is now under consideration, to i~ 

corporate sound basis for the limit-state-d.sig" philosophy which accounts 

for the flexibility of the beam-to-column connection, in order to rely bet

ter in the actual reserve of inelastic strength of the steel frame. 

The elastic strength of the frame should be sufficient to resist the 

des ian earthquake (IO-year recurrence period) without sianificant non-strus 

tural damage, whereas the ductil. inelastic behaviour of the frame. should 

act as a second-defense line, to resist extraordinary earthquake (50-year 

recurrence period). with some structural damage, but without collapse. 

Here it will be helpful to evaluate the highly redundant type of cons-
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truction represented by the Homent-Res!stant-Space-Frames, ~ich boxed col~ 

"I and trussed lirders ... How much ductility does this type of construction 

provides vhen subjected to several cycles of extreme earthquake loading? .. 

Hov does the collapse mechanism of this type of construction develops in -

sucssessive pulses of lateral loading? .. What should the required strenght 

of the side fillet welds be in a boxed columns to avoid local buckling of 

the flange plate •• a. 1n the case of the Plno Suarez building complex ? .• 

and finally, vhat bIt ratios should be recommended for the boxed-columns 

plates, to allow a satisfactory hysteretic.l behaviour during long-duracion 

earthquakes? .. 

The que.tions above stated represent only a few of the many unknows -

presently intriquinl our understanding of the exceptionally good performan

ce of many engineered steel buildings which fared quite well dur ing the -

September 1985 earthquake in Mexico City. like the new Loteria Nacional

building which had every argument to have been d~l.d (irregular shape. 

corner buildinl. first story soft, about two seconds natural period, etc.). 

and had not a sinlle window broken. And by the same talken. the required 

englightment of our knowledge to ascertain the cau.es of the damage and co! 

lapse suffered by similar types of buildings like the Pino Suarez Complex . 

in the same event. 

Even though this topic has been partially focussed by sooe researchers 

(8), and nuoerOU$ literature is already available on connection flexibility 

in Steel Frames (9), future research is urged on this matter. 
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I«lDIFIED EUROCODE 3 DESIGN RECOMMENDATIONS 

FOR HOLLCI/ SECTION LATTICE GIRDER JOIlITS 

J . Ward~nier 
Department of Civil Engineering 
Delft University of Technology 

Delft , The Netherlands 

ABSTRACT 

The Eurocode 3 recommendations have been extensively di scus sed in all 
international committees dealing vith the design of hollov aection 
jointl . Based on these discussions and additional r~8earch, the lIW 
Subcie XV- E, the Cidect Joint Wo rking Croup and ECCS-TC-l0 have pro
posed a common modification. The modified recommendationl are pre
sented in this paper. 

Ih'TRODUCTION 

The design recommendations for hollov aection joint. in lure

code 3 have beer. baaed on the IfW-XV-E recommendation. published ir. 

1981. Based on the results of nev research and re-analyaes carri~d 

out in the last years, the rIW- xV-E recommendations for hellov sectior. 

joints h.ve been revised. 

The v.rioua internationlll committf'ea (IlW-XV-E. Cidect Joint. 

Working Croup. ECCS-TC-l0) vorking in this field hav~ produced a com

mon document with proposed modifications fOr Eurocode~. These ~di

fied recommendntions are giv~n in this paper. AlthouCh thf' Irwi 
Cidect recommendations (to be published) cover a largf'r rangf' of , 
joints for simplicity the modified Eurocodc l r~co~f'nd3tl~ns cov~r 

the same t~s &8 previously. 
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1. Hollov lection lattice girder joi9tl 

'.1 Scope 

In this section design rules are given to determine the static 

strength of lingle plane Joints in lattice structures composed of bol

ov sections (being round , square or rectangular in shape) or combina

tions ot these vith open sections. 

The general provisions for the scope given in clauee .•.•. 

apply. except that the wall thicknesl il limited to a minimum of 2.5 
em. 

1.2 ~finition 

Single plane joints in lattice Itructurel signify , in this con

text, connections between mecberl lituated in a lir41e plane which 

~ranlCu t primarily axial loadl. 

Tne axial load distribution in a lattice girder may be deter

oined on the assumption that the memberl are connected by pin-joints. 

Seco~j.ry ~=ents in the joints, caused by the actual bending stirt

nel' of the joints. and eccentricities within the limits given in 

subelause 1.~ can be neglected. 

The gap g is defined as the distance measured along the length 

of the connecting face of the chord between the toe. of the adjacent 

brac~ ~mber. . The overlap 0v is expre.sed as q/p x 100~ as shown 

in !''is:.1re 1. 

• O'Iulap • is' • 100 "t. 

-+---~ -+ 
I I 

Figure 1. Gap and overlap ot joints 
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1.3 Welds 

In welded joints, the connection should b~ ~st.blilt.ed. over the 

entire perimeter of the hollov section by means of • butt veld, & 

fillet veld , or & combination ot the tvo. 

Fillet velda should satisfy the folloving conditions 

a"t 

a;;:" 1.2 t tor ty > 280 N/mm'J 

where & • throat thickness of the fillet veld to be determined in 

accordance with subclause ••... 

This requirement m~ be vaived where departure frem th~ C~ be jus

tified in regard to strength and to deformation and/or TO~.tior.a! 

capacity. 

1.4 Field of application 

The calculation rules given in this section can be applied pro

vided the folloving conditions are Observed : 

i. The angle betveen the chord and the brac~ member or between 

brace members should be at least 30
0

. 

ii. Moment. resulting from eccentricities m4¥ be neslected in cal

culating joint strength if the eccentricitiel are within the 

tollowing limits : 

- 0 . 55 do ~ • ~ 0.25 do 

- 0 . 55 ho~. ~ 0.25 ho 

where e. eccentricity 

do • diameter or the chord 

ho • depth ot tbe cbord 

, / " " " / 
I ", / I I ., / I I' "I 
-r-~=l- .T--~T- T ~~·I· 

Figure 2. Eccentricity of joints 
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The members that meet at a joint must have their ends prepared .-
i n such a v~ that their cross-sectional shape ia Dot modified. 

1. 5 Welded joints betveen circular hollow sections 

The axial force(s) in the brace member(s) due to the design 

ultimate load should not exceed the design capacity according to tbe 

formulae given in Table 1. 

1.6 Welded joints with square or circular hollow section brace mem-

bers and a square hollow section chord . 

The axial force(s) in the brace member(s) due to the design ul

t icate load should not exceed the design capacity according to the 

formulae given in table 2 . Table 2a defines the ra.nge of validity of 

these fon:nllae . 

1. 7 Wel ded joints betveen rectangular bollow sections 

For joints betveen rectangular hol1ov sections and jointa be

t ween square hollow sections outside the range ot validity tor 1.6 

t he design strength should be based on the rolleving criteria vhere 

applicable 

i . chord face failure 

ii. cbord vall failure (yielding or instability) 

iii. chord shear failure 

i v. chord punching shear failure 

v. brace failure with reduced effective width 

The design strength may be determined accordill8 to: "Design reco~ 

mendationa for bollov section joints", IIW-document XV- ..• -81. 

1.8 Welded joints with hollov section brace members and an I-section chord 

The axial force(s) in the member(s) due to the design ultimate 

load should not exceed the design capacity according to the formulae 

given i n table 3. The range of validity is given in table 3&. 
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TABLE 
Design strength capac i ty of axially loaded welded j oints be tween circular 

holloy sections 

Type 01 JOint Design strength (j.10r2) 

T. Y I t, 

N,,,, ~ 2 .- , - 'yo . t o . (2.8 + 1L.2~\yO.2. ( I (n ') 

~~ N,• SinS, '- '- '- 0 

~ t, 

N,,,, ~, 2 ddo N, . 'yo' to . ( 5.2 ) .1 (nil 

~:7·=:tK} sine , 1-0.81 ~ 

N, ... .-
K.N I gop or overlop 

~~d, 12 2 
~SN N1><~2 Nj. 

f yo .to 
.( 1.6 +10.2 ~) . I (y. g') . I ( nl) 

\rr~ ~ sin 9 , do 

~. / .~~oO -yp._ . ..... 
• • 

General 
Punch i ng shel r check (or - I 1 • sin 91 Nj = ~. to ·ltd ,. 
T. Y. X .nd k. N, KT 'IT 2 sin 2 9 j 

joints ..,Hh g.p i=1 . 20r 3 

Functions 
(or n' ~O ((n'! - 1.0 2 Hole : 

((n' • 1+0.3 n'-0. 3 n' (or n' (0 n' II nC9Hivc 
$ 1.0 for coepression 

((y , g', • (y,0 .2[ • 0.024., , ·2 ] 
• c.p.(O . ~ 9' - l .llJ.1 

Validity range ", I ", y<2S 1-0.55 'T.'" 0.25 0 . 2 "-a;' 1.0 n-;-J2S 
I 

Fol" X-joints: ., t 20 9 ,;. lto or Of > 2S· 
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TABLE 2 
Design strength capacity ofaxia.lly loaded 'Welded joints vith square or 

circulnr brace meobers and a squ&re hollow section chord 

Type of jOint Design strength Ii = 1 or 2 ) 

~ t 

NI;~ 
~/ z·/':,~ 

2 

-7'~ -- -E1 N1 = 
f lo' t 0 {...:L _ 4 ~}fln) 

t1-fll. sin e, SIne, 

N, 

K N. Qopl t 

~~tl N'~ 2 

b~,.~~dbo~' N; = 
a.gflo.t o . ~.yo'S. fln) 

e,; · /.Ae,~ 
sine. 

[-_-~~-i 13 

K N overlopl 
100% overlap 

~I ~ 
only 

~U t~ 
N; = fy;. I; .{3 b;- 41; -betoVI} overlapping 

brace 
e, / e, t--=-f 50% ~Ov<100% to be 

I t---~-_j -a N;= fy; . 1;{2 bl-41; -b.-b.lovl} checked 

JOlntswlth circula r multiply the formulae with + 
brace members and replace bi by dili=1or2) 

Funcllons 
fl') • 1.0 for a tension force in the chord 

f{n) • 1.3 - ¥ Inl for a cc-pression force in the chord 

"' 1.0 r------------------
b • 10 H • • . b, tyr; y1 • t; 

b 10 
e(ov) • (6 i 7E

1
J

OY 

(ffi . tt)ov . b 
y1 . [1 i 

Validity See Table 2a. 
range 
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TAllLE 3 
Design strength capacity of axially londed welded joint9 between holl ow scc

t..ion brncC3 and an I or U sc cLion chord 

Type of jOint Oe5'gn strength Ii: 1 or 21 

I, ~ 
N1 : 

f yo . I..,. b tn 
N,,, -1i- sin 8, 

~~' -/-- ~±} ---- ---------- ------
N1 :2Iy1 ·t 1·b. 10 

.... N , 

1 I'~ 
N. _ fro · I.., . b"" 

I - sin e I 

b~~~ lii j :~j.:..!Lb_._ -- _ _ Note~_ 

N.: o.sa.f&o.Ao f--~-' ho 
I~ + ' ' . • sin 1 V 02 

N olgopl'; (Ao- Aa!. 1 yo+ Aa· Iyo 1- 10;) 

~, ~' 100 % overlap 
only 

~tl Nj : 1 yj . tj .{ 2 hj - L tj + bj + belovl} overlapp in9 
brace 

1 8 , / e ~ to be 
-~- . ~~ 50%::S Ov< 100% checked 

It' + Nj:lyj.tj.(2hj-Ltj+b.+belovl} 

Functions hi 
b •• iiri"T. • !o (to· '0) 

.' -Joints/ I 
"-It.<ll,. 10 (to' '.' 

CI-JOlllts( 4, 

b •• ~ t S Ito t '.1 

( 10 '!'y'l . tl,o¥ 

" .'wtZrt7C·l It. . ~'b 
o )'1 0 ~(o,) ~ JI' I I 

"0. Ao - (2-0)b •. to' It..t2r.lt • 

RI -Jolnts : II . j, .';r" CI·JohHs : 0- • 0 

• 
• • ("I' s i n ',)._ 0.· O.sa fyo ' A.q 

!tot Lo be dlc<ked I ( : 
Not e * , , 

0 . 75 < (-;t or ~l < loll • • < 1- 0.03 T and " < to· 2' II , , 
Voli d i t y 

See T~(,le 30. rong e 
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TABLE 2& 
Range of valicl'ity of Table 2 

T",e of Jotll l Johlt ,.., ... ten II • 1 or 2) 

" " " ; '1"2 " .. r, r, 
""15l ; '1(04') 

.. p/_rt.p 

, .. ,..ulon tefI.iOll 

" . • • 
T .'. ' D. n "' .. " O.as 10 "-C" H - -

" jJ:. bl < H • 
II. .nel M _1\11 > 0 . 1 • 0 .01 ~ 

r." l.lS r. r, • • • bl~Z I 1 ")S 11 U<t<15 0.5(1 · .)< ~<l . S(1 -. '" , • 
0.6< -sj"<1.i 

• 
l ,,.. • _It II 

" jJ:. '0" )S " \KIt. >It. .".,1&, tIM! " O_lS r.<1.1 r. ...-:-:-,->0 ,11 
t l(.,1 " t, ' " r, "O'fl SCI <0," ll)()l 

Johtl .hll " " jJ:. cit "SO ci re",I., 0.4 <'0<0 .• r. '" 1.5 r. r, f",r\N,. H.-iUttCWII n 1M .. for el t • bot 
.ruu , y' 

, o..ut .., Ulh rt. ot .,.1Idl \1 otNr " 11 ..,.. ,rtterh ., .. ~"I",. I.t. puIIdIl", WU, eftKth, _I.u., 
. t .... ll ,.I ho,.., ~ $1lt,r or loul II\I(klh" . 

TABLE 3& 
Range of validity of Table 3 

Type of Joint parameters (; • 1 or Z) 
joint 

b; h; b; It; ; d;lt; hw 

6; (ov) .-; compression tension ~ 

b . jJ:. b . 
hw c; c jJ:. T,v,X -- -- t~ c; 1.1 r, 1 c; 3S 

• y. t; ~ r; 
I( and H -- 1.0 wi th gap d. 

I.5Jf: 
d 

...!.c; i c; 50 with: 
K and H t; y; t; c • 1.2 for X joints 
wi th .. 0.75 c • 1.5 for T. Y. K 
over lap and N joints 
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ero .. sectional arca or -eaber j (i· O. I. 2) 

.ttectivt cro.. sectional ...... or Ule cboz-d tor ahe.,. 

e1u\.1(: .odu.lla. or .ted 

.... ial 1004 in t..hc cros. acct.ion or t.he chord. at. the e:ap 

joint delisn ,trenat.h capACity -bud on 10.4 in -.bel' i 
(i-lor2) 

overlap 

'hear toree (Q • 'i . • in 'i) 
,bear 7ield capacit.y or • section 

Ulroat t.hickneu or • rillet. '1'014 

external vi4th ot • IqUN"l: or reetane\llar hollow section 
(RKS) tor _beT i (i • 0, I, 2) 

errectiye widt.h tor brace to chord. cOMcc:tion 

.ftecthe pUlu::hit\& lhear " i4t.h 

ettect.ive width tor Oftrlappiac brace to overlapped brace 
connection 

effect.ive: widt.h tor the web of the chor4 

coefficient 

ext.ernal eli_ter or • circular hollow aection (elts) tor 
_ber i (i. 0,1,2) 

eccentricity or • joint 

~i_ co-pre'live .t.re .. in t.he chord. due to uial torce 
and ben4i1l& __ at. 

.-.:i_ cc.pre •• iYe .t.ro .. in t.he chord .xc:ludinc. \.he .t.re •• 
4u. to the bori:uc1Al. brace load co-ponent.. 

de.isn value tor the ,ield .trul io _bel' i (i .. 0,1,2) 

sap bet." eeo th~ brace. ot a It or. Joint. 

lap, divided. bJ t.he vall thickne .. ot t.hc choni 

ext.ernal depth ot a section, tor _bel' i (i .. 0, I. 2) 

dept.h or t.he veb ot an I or II sect.ion chord 

int.eler usod t.o del)Ot.e _bel' ot Joint. . i .. 0 desipat.u 
chord and i .. 1-2 t.he brace .-.ben. .or.all, i .. 1 retcrs 
to t.he atrut. and i .. 2 to the t.ie. 

n.!.2... DI"~ 
t,o tyO 

irMlcx used tor overlappeel broce 

rlldius ot at! 1- or II-Iection 

" all thicknesa ot .elllber i (i .. 0, 't 2) 

" "b t.hickness ot at! 1- or H-section 

fact.or ,ivil'l6 t.he etrcct.ivenc:al ot t.ho chord tllUl£,e tor 
Ihe&r 

(ave rase ) braee to ehorel eli_t.er rOot.io or "1 dth rat.io 
~ !J.!...!l h ~) 
do t 2elo 'bo ' 2bo 

halt chord vidt.h, or halt chord. dia.et.er to "all t.hickneu 

rat.io ~~ or ~O) 
o • 

joint. coerrifient 

iDCluded anela between 0. brace ~r (i. .. 1 or 2) and th" 
,bon! 
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1. Method for the ••• blllic design in E'Urocode 8 

The Eurocode 8 provide. 
bUlldings , which base on 
ture. according to th •• e 

unified rules for the a.eiamic design of 
the response spectrum method . Steel struc
rules are de.igned a. follow. : 

A .tructure i. mod.lled as a linear ela.tic dynamic system, along 
which the ma •••• due to dead weight and cooperating load. are di.
tributed . 

Th. natural vibration periods Ti are calculated and the respon.e 
valu •• R(Ti) are taken from the response .pectrum for the relevant 
.oil oondi tion. 

For a sy8tem a. in fig . 1 a static horizontal torce H, which act. 
parallel to the a •• umed seismic direction and is applied at the 
centres of the a. •••• , may be determined with equation (1) 

H • 2 m. "(Ti). A I q (1) 

and • saf.ty ••••• sment in view of the Ii_it ot the a.sumed elastic 
.adel, i . e . the first attainment of yield .tre •• in the extreme 
fibre. of the cross-.ections, may be conducted. In equation (1) A i. 
the maximum ground acceleration applicable to the relevant seiamic 
zone and q il the behaviour factor. 

Th18 behaviour tactor take. acoount of the energy dissipation due 
to the real nonlinear .tructural behaviour, which depends on the to
pology and loading of the structural .ystem, the second order eftect. 
and the pla8tlc rotations of the members and their connections in 
ca •• of local ductility . 
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The behaviour f6ctor also allows for the real dynamic Ilmit states in 
relation to the fictitious limit state of initlal yieldlnq assumed 
in the safety assessment. Hence the q -factor performs a correction 
factor tor the linear dynamic model and ita limit atatee . 

In this paper the influence of semi-rigid connections to the q -fac
tor will be treated . 

2. Method for the calculative determination of the q -factors 

A rational procedure tor the determination of q -factors has been 
pr oposed by Ballio, perotti . Rampazzo , Setti /2/. 

According to this method the q -factor i8 determined by its defini
tion i n Eurocode 8 , which is represented by the equations (2-4, 2-b, 
2-c) : 

(2-4) 

6.1 (2-b) 

CIa • q~ • q (2-c) 

In equ. (2-a) the Qa -factor describes the relation between the maxi
mum ground acceleration a at the real limit state and A as applied in 
the safety assessment with the linear response method , in equ. (2-b) 
the qd -factor is used to derive the deflections ~ at the real limit 
state from the deflections 6e l calculated for A with the linear res
ponse method . By the definition in Eurocode 8 both the q. and the 
q6 -factor s are equal , equ(2-c) . 

This definition results in a linear dependence between the applied 
maximum ground acceleration and the maximum deformation of the 
structure, or between ~ and q6 as demonstrated in fig. 2. 

This linear dependence can be confirmed by calculating the qa - q~ 
graph for several Qa - values with t he time histor y method the ac
celer oqr am being defined such that it fills the assumed response 
spectrum, see fig . 3, and an unlimited elastic constitutive material 
law and no second order effects being taken into account . 

In applying a more reali.tic elasto-plastic material model and a 
second order theory the time-history method produce. a nonlinear re
lationship between Qa and qd with values Q,\ <Cia for small and mode
rate Qa - values and Qd>Qa lor greater qa-~alues . 

The cros' point of the nonlinear graph obtained by the time-history 
method with the straight line gives maximum Q - values that fulfill 
the definition of equ . (2-a) , (2-b) , (2-c) on the .afe aide . 
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Though ~hi. definition of the q ~alu •• 1. rather artificial , the 
q -valu •• so obtained normaly at. close to the physical liaits caused 
by away ~own effecta and repreaent •• te aid. valu.. in view of other 
limit atate a. lo.cycle-fatique or fracture of connectiona, fi9~ 4. 

Th ••• limit. of cours. haye to be checked •• parately, unl ••• their 
attainment i. prevented by special detailing rulee, •• g_ fracture 
strength of the net aection > yield strength of the 9ro.. aection 
and maximum bit - ratioa. 

In the table 1 aome numerical valu •• of the q -valu •• for aingle and 
double Itorey-frame. , calculated for different natural periods T(sec} 
of the structures and different strong motion period. t(sec) of the 
applied .ccel.rogr~ are indicated and compared with the q -valuea 
•• proposed in the first draft of Euroeode 8. 

The probleme yet to be solved i8 hov theae q -valu •• are controlled 
by the behaviour of semi-rigid connection •• 

J. Modelling of semi-rigid connections i n view of their behaviour in 
structual systems excited by earthquake •• 

The hysteretical behaviour of bolted end- plate connections in terms 
of moment-rotation dependences has been experimentally determined 
/4/ . In assuming stable loops the hysteret i cal behaviour can be ide
alized according to fig. 6 and be modelled by the truas model of 
Stutzki, aee fig. 1 . 

In applying this truss model to frames with semi-rigid connections 
the q -values can be determined in the way described obove. 

In fig. 8 for a single storey frame the ~ -a - dependence i8 calcu
lated f or rigid connections and semi-rigid connections. 

Thi s example demonstrates that semi-rigid connectiona cause a greater 
deflections and hence higher natural vibration periods Ti which may 
result in a smaller response R{Ti). 

In add~tion the q -values are greater (by about 20 \) than those for 
rigid connections . 

A th i rd advantage may be realised by the fact that the ultimate mo
ment capaci t i es of rigid connections are smaller than those of the 
connected beams and columns , which makes them passiv controlling 
devices that protect the column. and the beams from being over
atressed. 

This may be the philosophy for developing .pecific semirigid connec
t~ons for the aseismic design, e . g . friction controlled connections 
With slotted holes etc, that behave rigidly due to friction grip for 
earthquake events in the serviceablity range and a •• ure energy 
di ss i pation by slip-effects without yielding in the ultimate range, 
wi th background safety due to ~.train-hardnin9 effects" by the bea
r inq ( orces at the ends of the slotted holea, fig . 9 /6/, /1/ . 
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DISCYSSION 
~ 

RESIGN REQUIREMENIS PbPtRS 

Numerou. point. w.r. raised regarding individual connector 
capaciti ••• nd the corr •• ponding deform.tions that can be anticip.t.d . 
For .xampl., the Aaerican design criteria for bolt. in b.aring imply an 
ultimate deforaation of approxiaately 12 .. (0,5 inch •• ). Thi. i. not a 
s.rvic •• bility limit, .inc. it simply happ.n. to be the d.formation that 
viII have taken plac. by the tu.e the bearing failure occurs . Howev.r, 
it wa. agreed that various ultu.ate •• well a ••• rvice.bility limit 
.tate. should b. examin.d. 

Special not. w •• 
app.rently only giv.n 
Thi. concept h.. now 
type conn.ctions, both 

made of the block shear f.ilur. mode ; this is 
in North Aaerican .tandards, and not in Europe . 
been extended to gusset plate and other ten. ion· 

for bolted and welded joints. 

Hany discusser. felt that the only reali.tic way in which semi· 
rigid de.ign concepts could be entered into the code. would be with the 
us. of limit states principles . The d.tail.d structural d.sign example 
that va. pr •• ented illu.trat.d this very clearly. not the le •• t bec.use 
•• rviceability crit.ria .re curr.ntly very poorly d.fin.d for fl.xibly
conn.cted frames. Nev.rth.les.. serviceability in .ome form mu.t b • 
• ddr •••• d •• lthoush • number of discus.er. que.tion.d the vi.do. of 
doing .0 through design code requirement •. 

Keny comment. were .. de regarding the introduction of new at.el 
type. and grade. on the market. and how current de.ign standard. are 
utilized in such c ••••. Some concern v.s .xpr •••• d that pa.t re ••• rch. 
which va. mo.tly b •• ed on mild structur.l st.el •• had been u •• d to 
pr.pare the d •• i,n criteria th.t now .re being appli.d for materials 
with .ignificantly diff.r.nt properties . Althoush there vas gener.l 
con.en.u. that this type of recognition i. w.rrant.d. it vas indicated 
that a. long a. the ratio of yield .tre •• to ulti .. t. atr •• s is adequate 
(to facilitat •• tr ••• r.distribution) •• nd the .. t.rial ductility .nd 
veldability .re .ati.f.ctory. it .hould be acceptable to u.e the currant 
code. with new .teel grades . However. .ome fora of occa.ional 
verification .ay b. warr.nted. By the same tok.n. it wa •• 1.0 sugg •• t.d 
that d •• ign .t.ndar¢8 should est.blish scope. and ext.nt of cov.r.g •• to 
add to their b.cKground information. This is particularly important for 
code. that addr... .eismic design requirement. • ••• ntial. whose 
att.ndant mat.rial and strdctural ductility n •• ds .r ••••• nti.l to the 
adequate p.rformance of the structure . 
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DATA BASE ORGANIZATION 



NEEDS CONCEPTS AND ORGANIZATION 
A DISCUSSION 

As outlined in the Introductory Notes of these Proceedings. the 
increasing amount of information on the response of various types of 
beam-to-column and column footing connections makes it imperative to 
provide for some organization and channeling of the findings, to 
maximize usage and minimize overlap . The need for harmonizing the data 
gathering vas stressed by all participants, to the effect that the 
manner of presentation, the interpretation of the results and the views 
towards their eventual application should b. kept in mind. To that end 
it vas felt that accessing the data base through a computer netvork such 
as E.A.R.N. , for example, would be of significant potential . 

It was observed that one of the problems of using current data is 
t he highly variable qualiey of the .anner of reporting . Thus, too many 
reports do not offer sufficient details for the results that are 
presented . For example, connection fabrication detail, are often 
omitted . Similarly, although a large amount of data is available , 
important gaps do exist, especially vhen it com.s to three -dimensional 
behaviour and strength . ~ith a aeasure of data collection coordination, 
•• pecially in the form of standardized data sheets (as discussed in the 
following), the efforts of disseminating the available and developing 
infor.ation can be vastly enhanced . Several discussers noted the data 
collection efforts that had already been started, but indicated that 
these were strictly just that, with relatively few attempts at analyzing 
or unifying the findings . 

It vss agreed that the eventual ai. of any data collection 
organization should be to assist in the development of design 
require.ents . ~ithout such, it cannot be expected that the advanced 
concepts of frames vith seai-rigid connections can get much beyond being 
the province of the very sophisticated designer . 

Several points were made regarding the need to avoid any 
duplication of research efforts , and how an effective and 
accessible data base can serve this purpose . This should 
extended to inform potential users about on- going research vork . 

form of 
easily 

also be 

Summarizing, it was agreed that without a well -organized and· 
.aintained data base, including clearly established li.itations/ extent 
of the collection effort, significant advances could not be expected to 
occur at a reasonable pace . 

The data sheet for~at and possible connection classification 
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approach that ara pr ••• nted tn the folloving addr ••• the •• n •• ds In 
decaii . It 1_ noted that it w •• agreed to r •• trict the data collectIon 
effort to beam-to-column connectlona and column footIng connectIons 
under .anoconle loading conditions . Data on f •• teners would not b •• 
part of the collectIon, nor would fatigue charaeterlstic • . Although both 
of the latter are n •• ded, the Ii_it.clon. are n.c •••• ry to .. k. the ea.k 
manag •• ble. 



DATA SHEET FORHAT PRESENTATION 
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Saint R'my ll. Chevyeuse, France 

ABSTRACT 

Thi. brief paper provide. a di.cus.ion of the information that 
.hould be provided by • beam·to·column connection data sheet . It is 
emphasized that such sheets may be put to use by other researcher. in 
.imilar or related studiea, but al.o by d •• ignera for actual 
constructIon project. . Details of the connectIon that ha. been tested 
are ,iven, along vith .aterial properti.s (te.t values) of member. and 
connector., dravin,(.) of the connectIon te.t .etup and loading 
procedure, and clear indicatIons of hoy loads, moments, deflections and 
rota tiona vere obtaIned. The data ah.et ahould alao give the complete 
mo.ent·rotation (or load·deflactlon) curve, indicating .ervice and 
ultl .. te loads and deformation .. gnitude • . FInally, it i. au&&ested that 
the inItIal .tiffne.. of the connectIon be provided, preferably on the 
ba.l. of a partial unloading curve . A ... pl. filled·out data .heet is 
given at the end, using the format that ha. been adopted by C. T. I.C .H. 

INTRODUCTION 

On the basi. of the paper. that have been pre.ented at this 
conference, a. vell a. the res.arch data collection efforts that are 
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underway In •• veral local.. around the world. it t. clear that much 
inforaatlon 1. currently avail.bl. regard!ns the strength and behaviour 
of. number of types of beam·to·column connectlona . It 1s important to 
gather thea. data Into a coherent and unified b •• ic format , in order 
that s.veral primary objectlve. can b. attalned, .s follows : 

(1) On a world-vide 
experimental result. 
connectlons . 

basI., to obtain • data base of 
for beam- to-column and column bases 

(2) Ylth • view to the development of strength and deslgn 
criteria and equation., to promote the mutual recognition 
of test data and the techniques for evaluation and 
modeling, In order that code writer. and designers around 
the world can have ace ••• to the larg.at po.alble assembly 
of findings . 

(3) In order 
proeedures 
arrive at 
faeilitate 

to establish a reliable data base as well as 
for the exchange of experimental results, to 
a format of data pre •• ntation chat will 

their interpretation and use . 

(4) On an ongoing b.si., 
needs and to update 
become available . 

to av.lu.ta res.areh and development 
the requirement. a. additional data 

(5) By noting the data that are required for subsequent usage, 
to promote improved methods of testing and reporting. 

pATA SHEET PRESENTATION 

The attaehed Data Sheet is described 
emphasized that it represents one possible 
however, the elarity of the presentation of 
use. 

in the following . It 1s 
format for such sheets ; 

the data make. it easy to 

The first page eontains three primary types of information : 

(1) The source of the test 
particular, the reference 
information about the test. 

data that are presented , in 
document that give. additional 
It is critical that sufficient 

retrieval data are given, in order Chat the 
researcher/designer can obtain further information . Thus , 
authors , report or paper title , location , date , and where 
a eopy may be obtained should be indicated . 

(2) The steel grades of the different eomponents of the 
eonneetion (i.e . beam , column, conneetion plates and/or 
angles, bolts and welds). If at all possible . the material 
properties that are shown should be based on tests, and 
the applicable material standard (e.g., ASTH, eSA , NF, 
DIN , SS , et~ .) and number should be given . 

(3) Detailed measurements and geometrie characteristies of the 



connection and it. element. . If at all po •• ibl., tb.se 
data .hould be based on .... ~r ... nt., rather than 
r.r.rring to nominal .ize • . Shape d •• ignation. (e . , . HEA 
200) .hould b. noted vher.ver applicabl. . If •• asur.d 
.ize. are not available, nominal figure. mu.t be given, 
and it .hould b. noted that .uch i. the c ••• . 

The .econd Data Sheet page .ummarize. the det.il. of the te.t setup 
and the connection its.lf . It 1s important to indicat. the following : 

(1) Ex.ct load applic.tion and mea.urement point., including 
r.lative di.tanc ••. 

(2) Form of load applic.tion (.t.tic or dynamic ; monotonic or 
cyclic) and •••• ure.ent (load cell or otherwise) . 

( 3) Form. .nd instruments of .traln and displace.ent 
mea.urement .nd corresponding directions . 

(4) If rotations .re given, indicate hov they vere obt.ined, 
Including .ny computational detail • . 

( S) Kanner of t.at control (I .e . load, atroke or displacement 
control) . 

( 6) Detailed testing procedure . 

The third Data Sheet page gives the load-defor.ation curve, 
including partinent coordinates for point. such al the end of the linear 
rang •. the ulti.ate load-carrying capacity, and the initial stiffne •• of 
the connection, and the failure mode. The latter .hould preferably be 
bas.d on an unloading curv_, for example, by unloading from one half of 
the projected ultimate strength of the connection to one tenth of thia 
value before reaoaing the original lo.ding procedure . The use of 
unloading curve data viII likely eli.inate the types of erractic 
behaviour that are so.etlmes encountered during the first application of 
load in conn.ction t.sts . 

The load -defor.ation curve may be given in the form of applied load 
vs . measured deflection, as i. shown in the example . It may also be 
given a. • .oaent-rocation curve. but it i. critical that in this ca.e 
the Data Sheet must al.o provide information on hov the Doment and 
totation .. ,nitu~a vata atrived at . ~o a •• ure sufficiant detail for 
subsequent u •••• the lo.d-deforaation curve .hould be ba •• d on a minimum 
of 3S te.t point •. If available, digitized te.t curv. data .hould al.o 
be provided . 

The last Data Sheet page provides 
remark. which may b. of value to the 
valuable to have some comments regarding 
order (local deformation) effects, etc. 

additional ob •• rvations or 
user . For exampl., it m.y b. 
conneetion ductility , .econd 

Data on 
should follow 
also n.c •••• ry 
material • • the 

the re.pons. characteri.tics of column footing connection. 
the g.neral outline of the preceding. In thi. ca.e it 1. 
to includ. inforaation on the concr.t. and anchor bolt 
l.ngth and type of .nchoring of the bolt •. the u.e of 
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DA TA SHEET n' : END PLATE BEAM TO COLUMN CONNECTION 

specimen reference: .. test n-: 6 origin: 
CTICN 

authors: Cn f'P-C1'ICIf Ass eebl .9"!. poutre-pot!!.u ~r pl . tin!! d 'e Jru*-it. et ~r 
boulons , ~ute r •• J.t.nce . DossJer 511 -50J. ~. Jg.o . 

STEEL GRADES: EIJ5 

- END PLATE 

- ATTACHED B£AH SECTION 
COLUIUt SECTION 

- E. S . BOLT STEEL GRADE 

(not • • • ured') 

Cnde 10 . 9 

DIMENSIONAL CHARACTERISTICS: 

H. S . BOLT 

- DIAMETER : >4 "" - SECTION : J5' "",' 

- PREtDAD : 254000 N 

END PLATE DIKENS I ONS 

- THI CXNESS • : '0 .... 
- WIDTH B : >40 "" - HEIGHT H : 1019 "" 
- c : JJ . OJ .. • - t : 50 ... - 6: : 120 .. 
- c. : J1. 0J .. 
- t. : " "" - c : 41.69 ... - t' : 5< ... _ 6' , : 51 ... 

ATTACHED BEAM PROFILE 

- ROLLED SECTION REFERENCE : or IPE 600 
- WELDED SECTION : 

( ... ured} 
- t 12 .. - h- 560 "" - b~ • 

220 .... 
- t , 10 am 

t 

-'!- . , . 

.&~ 

n 

J2::[ 
---u 

JV_" 

N/_' 
11/ _2 
Hle' 

HlU' 

~ I"' '. ~ 
+ <7-1 

+ .~ 

4- .-
~ 

-$-- + I 
• 

~ • 
~ 

" 

fi'l'8t page 
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EXPERIMENTAL TESTING ARRANGEMENT: 

STATIC LOAD TEST A6 
- HONQTONIC LOADING ~ 

H 

- REVERSED LOADING 0 

• 
N • HOD IcH 

. .. .. 
• 

il , 
i Hn,OO 

J ; 

-
DRA WING OF THE CONNECTION : 

-.!-. 
· • , • 
• ., 
• · , 
, , 
, , 
, ,. 

'" , 
'. , 

1)9. 
~S 

.... 
· 

~~ 
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LOAD BEHAVIOUR CHARACTERISTIC: 

- MOMENT-ROTATION 0 
- LOAD-DISPLACEMENT iii 
- LOAD-ROTATION 0 

ULTIMATE STRENGTH CHARACTERISTIC: 

- ULTIMATE CARRYING CAPACITY 

- FAILURE MODE 

P - 700 leN (t • 27.02 ... } 
UK 

Important plastlflcatlon zon •• t eha 
foot1ng of the col..." No plutlflc.elon 
within the connection. No weld t.Jlur •. 

thirod po':;" 
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OBSERVA TIONS: 
.. 

The horaont.l atift.Me in the cola.n web wu wlded .t .hop . t the tn"Ong 
position. s.e the figure . 

f ourth page 
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,roue, and so on . The •• additional data can be included on Data Sh.et 
pag's 1 and 2. 

SYKMARY OF YQRKSHOP PROpoSAL 

It 1. e.pb •• lzed that the Connection Data Sheet should not gIve any 
for. of analytical detail.. It i. intended only a. • vehicle for 
standardization of connection t.st data pre •• ntatLon and to facilitate 
the eventual work of the data user. 

Contact individuals for the D.ta Sheet collection effort were 
identifIed during the workshop, as follows : 

A. Beam-co-Colugn Connection • . 

For Europ. : 

for North AmeriCA 
and AUle[.11, : 

J . Brozzetti 
C.T.l.C.K. 
no .. lne de Saint Paul 
F-18470 Salnt Rtay I'. CheVYeu ••. France 

R. Bjorhovde 
nap.rcaent of Civil Engineering 
Unlverslty of Pittsburgh 
949 B.padua Hall 
Pittsburgh, PA 15261 . U.S ,A. 

B. Cplumn Foptlng Connestlon. : 

For Eyrop. : 

for North America 
.nd Austral!. : 

F. S .K. Bijlaard 
TNO In.titute for Buildio, K.teri.l. and 
Structur •• 
P. O. Box 49 
NL - 2600 AA Delft . Th. Neth.rl.nd. 

D. Beaulieu 
O'partement G~nie Civil 
Univer.it6 Laval 
Ste . Foy, Quebec GIK 7P4 . C.n.d. 

Contast individu.l. for J.pan will b. d.t.rDin.d .t • l.t.r dat • . 
The ••• 1snment of the cont.ct individual. i. to collect the D.t. Sheets 
with the .lm of eventually publishing. D.t. She.t Coll.ction Report . 

lnforaation re,.rdin, the collection effort .t .ny on. t i me c.n be 
obt.ined by cont.cting the individuals noted in the pr.ceding . 



CJ~SSIFICATION OF CONNEctIONS 

Reider Bjorhovde 
Department of Civil Engineering 

University of Pittsburgh 
PittSburgh, Pennsylvania, U.S .A. 

Jacques Brozzetti 
C.T. I .C.K. 

Saint Rimy Its Chevreuse , France 

and 

Andr' Colson 
Laboratoire de H'canique et Technologie 

Ecole Normale Sup'rieure de Cachan 
Universit' Paris VI 

eachan, France 

INTRODUCIION 

The following represents a presentation of connection classification 
concORt. only, and is not intended for dir.ct use at this ti •• . However , 
it is felt that the principles of categorization are rational and 
relatively .a.y to u.e for practical purposes . Horeover, it viII 
facil itate the classification of nev connections or for connectio05 where 
H-e -curves are not currently available . 

BASIC PRINCIPLES 

A non- dimensional format is preferred, where the vertical axis gives 
the ratio H/H and the horizontal .xis lives e/e . The.e teras 
de.isnat e the fBI lowing : p 

H - connection moment 

H - fully plastic aoaent of be •• 
p 

e connec tion rotation 
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• - beam rotation at beam moment - K (see Figure 1) 
p p 

f1 I 

~ f1p 11- ¢ curve for beam = fll} 
~--~---~==~-----

EI 
I ~¢p L-____ ~~ ____ ~ _________________ _ 

It: is noted 
in Figure I, 1s 
demonstrates this 
the be all depth . 

¢ 

Figure 1 DefinitioD of Beam H-i-curye 

that the initial slope of the beam K-~- curvet 8S shown 
• function of the length of the beam element . Figure 2 
further, for a range of beam lengths as a funct i on of 

¢ 

Figure 2 Beam H-4H)Urye as 8 Function of Be am Length 
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In this 
initlal slop' 
.tlffnesa of 
r .. pectively. 

figure 
of the 

rigid, 

h indicaee. the depth of the beam ; ~ 1. the 
beam X·.-curve ; OR • Cs and Cr Indlc.~:Afh. .emi-rigid and flexible ~.am-to-column connectiona, 

For the above it 
that i. regarded •• 
eonnection. require a 
compatibility between 
connection H-. -curve. 

1. n.c •••• ry to d.flne and choo ••• length of b ... 
the moat auicabl.. It 1. noted that stiffer 
.horter beam length, In order to arriVe at 

the b... that 1. u •• d to non-dimen.lonaliz. the 

The connection K-.-dlagram 
t he clear relacionshlp between 
form as lllu.traced In Figure 3. 

i. plotted dlm.n.ionally first, to get 
moment and rotation. It can a.sume the 

H i 

r¢cp 
~--------~'-------------------4-----

Fleure 3 Coon.ekton H-9-R.l.tlgn,blp 

In this figure the term H 1 indicate. the ultim.t. connection 
.am.nt c.p.city (in c ••• of ehe l~ci of • cle.r pl.te.u, it i. n.c •••• ry 
to d.fine the v.lu. of M ult as • function of • ax ' the r.quired 
aaxi.ua rotation). Th. ter.. is the rotation tWr a point a. shown, 
and C i. the initi.l .tiffn ••• &¥ the connection . 

CLASSIFICATION APPROACH 

Figur. 4 giv.. ehe .ch ••• tic, non-dimenaion.l conn.ction M-.
c l ••• ific.tion diagram . Rang.. of r •• pon.e ar. indic.ted, and it i • 
• vident that it vill b •• a.y to categorize new connections accord in, to 
t hh achem •. 
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It i. emph •• l~~d that this cla.aification .y.t~m i. conceptual only at 
this at_,. . Further studies are expected to l •• d to quantified data for 
the cla.alfic.tion diagram . 

0.5 

I ~1.0 
,; 

Flguro 4 Non-pigeDliq"'l CODDlctioD 
Clossificotion Di,atoR Sy'Cem 

1.0 



RESEARCH 
AND 

DEVELOPMENT 
NEEDS 



INTRODUCTORY COKMENtS 

The research and dev.lopment need. that .re given in the following 
v.r. extract.d from the ob.ervation. of the .peaker. and the di.cu •• iona 
th.t took place during the workshop . They represent the •••• nc. of the 
work of the r •••• rch r.porter., and although no .xplanatory not ••• re 
provided along with •• ch .ubject, it i. f.lt the topic. ,ive • r.ali.tic 
impression of the work that needs to he undettaken. 

The r.se.rch topics are listed 
.e •• ions of the workshop, .nd have not 
of the subject. are som.what broad 
MUltipl. r.search proJ.cts . 

1n 
been 

1n 

the order of 
prioritized in 
scope, and m.y 

RESEARCH AND DEVELOPMENT NEEDS 

1 . LoStl hnlly'!' of Joint. 

the t.chnical 
any fora . Some 
in fact entail 

(a) Ultimate limit states for connectIons with monotonically 
lncre •• ing moment· rotation relationship . 

(b) Thr.e-dl .. n.ional connection analysis and test • . 

(c ) Loadina and unloading behaviour of typical building b .... to -column 
connections . 

( d) D.velopment of standardized method. of connection t •• ting and 
reportln, . 

(e) CI.riflcation of the prying phenomenon for bolted connections. 

2. Mathemotic.l Mpdoling 

(a) Tvo·and thre. -dimension.l mod.ling of connection. through the full 
range of b.haviour . 

(b) Incorporation of strain-hardening and fracture considerations into 
connection .od.ling. 

(c) Finit. .lement .odeling of bolts in tension, including bolt 
pretension .ffect. and contact considerations. 

394 
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(d) Development of pre and post - proce •• ing tools for computer 
analy ••• of connection.. 

3. Clas,ification 

(a) Daca base orsanlzatlon, includln& f •• tenera, be.m-to-column 
connectlona , tubular connectlon., composIte connectlona, and 
fat1SU' data. 

(b) Development of computerized data bank for •••• of acce •• and 
tranafar . 

(e) IntegratIon of current data bank. lnto one coh •• lve al.embly . 

Cd) PreparatIon of connection data sheet 

4 . Frape AOlly.1, 

Ca) VerificatIon of theoretical through full-.eale 
.ub •••• mbl.'. and frame testa. 

(b) Servic.ability and ultimate I1Dlt aCat.a analysla criteria for 
fr .... and theIr connections. 

ee) Cyclic load behaviour of seai-rigid connection. . 

(d) Definition of bolt pretenslon to produce specific foras of 
connection slip behaviour. 

S. FrAme StAbility And Simplified Method. 

characteristics of column footing connections , 
including axial load and column effect •. 

(b) Verification of column footing analytical models . 

(c) Initial and unloading stiffness properties for beam-to-column 
connection • . 

(d) Application of end-restrained column buckl!n& theories to columns 
in unbraced fra.es. 

(e) Ho.ent transfer from be.. to column during buckling of end
re.trained .ube •• embla, •• . 

(f) Influ.nce ofaxiel lo.d on sub ••••• bl.'e .nd frame stability . 

(g) Drift characteri.tic. of flexibly connect.d frames . 

(h) Development of serviceability criter1a for flex1bly connected 
frame •. 

(1) InteractLon of connaction and bracing stiffn ••• in brac.d fr .... . 
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6. P,.1(O Requirement. ond Codes 

(.) Inve.tig'C, and 
v.rlou. eountri.s 
behaviour. 

•• ttl. differ.nc.. between the standards of 
In theIr treatment of f •• t.ner .trength and 

(b) Ductility crit.ri. for high-strength bolt •. 

(c) Ten.lon-she.r lnt.raction relationship for bolt • . 

(d) Clarify d •• lgn criceri. and appro.ch •• for prying . 

(.) CI.ssification .yste. for 
relationship or ,1.11.r . 

connection. according to H-.-

(f) Effective vldth crit.rl. for conneetlons between tub •• and other 
types of eros. sections . 

(,) De.lgn crit.ri. for u.e vith high .trength se •• l. 
v.ldability. appllcability of current require •• nt •. 

Ductility, 

(h) Ductility require •• nt. for conn.ction. In the pr ••• nc. ofaxl.l 
lo.d. , 

(1) Rot.tion cap.city of conn.ction. under cyclic loeding. 

(j) B.haviour and strength characteristics for composite connections . 



This book IS the Procee'<:1ingsof a State-of-the-Art Workshop on 
Connections and the Behaviour. Strength and Design of Steel 
Structures held at laboratoire de Mecanique et Technologle. 
Ecole Normale Superieure. Cachan. France. from 25th to 27th 
May 19B7. 

This book contains the papers presented at the above 
proceedings and is split into eight main sections covering : 
local Analysis of Joints; Mathematical Models; Classifi 
cations; Frame Analysis; Frame Stability and Simplified 
Methods; Design Requirements; Data Base Organisation; 
Research and Development Needs. 

With papers from 50 international contributors Connections 
in Steel Structures: Behaviour Strength and Design will provide 
essential reading for all those involved with steel structures. 

ISBN 1 851661778 


