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ThanK you so much for your letter of August 22 enclosing a copy 
of the AISI publication on type 2 construction, which arrived 
today. Because of the long delay caused by the mail service 
I had written to Bob Disque in the interim about this matter and 
he very kindly sent me a copy of the same document. 

The correspondence in the Structural Engineer continues and I 
suspect that Bob ' s letter will be included in an issue in the very 
near future. As a result of the interest in this topic I have 
been asked to prepare a paper on the whole subject of connection 
stiffness and steel frame design and am fairly far on with this 
task. It doesn ' t include anything new but it does (hopefully) make 
clear to designers some of the implications of the assumptions , , 
inherent in the accepted design approaches - simple design , 
'wind connection method' etc. 

I received a substantial report from Dr Ioannides containing 
digitised versions of a large proportion of the available 
experimental moment-rotation data something like two weeks ago. 
This is proving extremely useful to us. On checking through the 
coverage , it appears that he and I have something like 50% common 
ground but that he has unearthed a number of Amercian test series 
available only in report form whilst I have been able to find 
several sets of experimental data from sources outside North America 
including several very recent series. Taken together the two 
surveys probably cover virtually all the available information. 

I note from my letter of 1 August that I had promised you a copy of 
my draft report but believe that this was not actually despatched . 
Please accept my apologies for this omission; the document is 
enclosed . Review by CIPIA is taking a little longer than I had 
expected so I cannot say when (or indeed how extensive) the amendments 
will be made. 

Yours sincerely 

~Cl~' 
DANethe~ 
Senior Lecturer 
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Steel Bea- to Column Connections - A Review of Test Data and 

tbeir Applicability to tbe Evaluation of Joint Bebaviour of tbe 

Perforaance of Steel Fra.es 

by 

D. A. Nethercot 1 

Synopsis 

The main types of beam to column joints used in structural 

steelwork are identified and some indication of the more po~ular forms 

for U.K. use given . In-plane moment-rotation behaviour is identified 

as an important characteristic for assessing the influence of the 

particular form of connection on the behaviour of members (columns and 

beams) and complete frames, with the joint's M-$ curve being the most 

appropriate measure of this. Data from more than 100 experiments are 

summarised; for approximately half of these M-4> curves are available. 

The influence of joint parameters e.g. cleat size, number, size and 

type of bolts, local stiffening arrangements etc., on M-4> behaviour of 

each of the 13 joint types is discussed. Connection restraint in a 

more general context is mentioned, although only in the case of end 

torsional restraint for beams has any significant work been conducted . 

Attention is drawn to those areas in which additional testing is 

required if a full understanding of the contribution of steelwork 

connections to the performance of steel frame structures as a whole is 

to be developed. 

1 Department of Civil and Structural Engineering, Uni versi ty of 
Sheffield, Sheffield, U.K. 
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1. Introduction 

It is now more than fifty years since the Steel Structures 

Research Committee (1) undertook what remains as the largest concerted 

attempt to understand the structural behaviour of steel frames. One 

of the main findings was the crucial role played by the connections, 

in particular their ability to transmit load and to provide restraint 

to the beams and columns. Largely as a result of their work the 

concept of permitting design to incorporate some allowance for 

semi-rigid action came to be included in British Steelwork codes (2). 

The fact that very little explicit use has been made of this method is 

due to a number of factors, two of which are the relative complexity 

of the necessary design calculations and the lack of comprehensive 

information on the performance of the full range of modern-day 

connections. 

Interest in trying to remove these hindrances has meant that 

several attempts have been made by the research community both to 

achieve the clearer understanding of semi-rigid action which might 

lead to a simpler design approach and to obtain data on connection 

response. This report attempts to review activity within the second 

area which it is felt may provide a useful basis for continued effort 

in the first. It therefore complements an earlier review (3); 

specifically it covers work completed since that time, including 

investigations still in progress, as well as giving rather more 

attention to the use of the findings in assessing frame behaviour . It 

does not attempt to deal with the design of different types of joint 

from the standpoint of sizing the individual component parts e.g. 

bolts, welds, stiffeners etc; up to date discussions of this topic are 

available elsewhere (4-1). 

1 
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2. Types or beaa to column connec t i ons 

Connections in structural steelwork normally involve some 

combinations of bolting and welding; rivetting, which was at one time 

virtually the only method of fastening, appears to be hardly used 

nowadays . Since site welding is generally discouraged in Britain, 

certainly for routine building frames, it follows that joints will 

normally be arranged so as to permit the site connection to be made by 

bolting. Of course, this has certain other advantages in assisting 

erection, alignment etc. With this limitation in mind Table 1 lists 

the main forms of beam to column connection assuming the use of 

I-sections for both types of member. Arrangements not shown include 

the various forms of moment connection used for example in multistorey 

rigid-jointed frames in North America (7-9), connections of the type 

necessary to resist earthquake action as used in Japan and parts of 

the U. S. A. (10, 11) and all-welded portal frames knee joints (7, 12, 

13) • 
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3. Relative usage of connection trpes 

Not all of the joint types shown in Table 1 are equally 

popular. Reasons for particular preferences will vary from one 

situation to another with economics of fabrication being possibly the 

most important single factor. Even this aspect of the problem will be 

viewed differently depending on the exact range of equipment 

available to the fabricator and the pattern of work within his shops. 

Thus end plate connections may be preferred by a fabricator using an 

automatic beam line whilst web cleats may be preferred by another who 

values the easier adjustment possible during erection provided by this 

form. 

An attempt to establish the current pattern of use and the 

reasons behind it has recently been made (14). A questionnaire was 

sent to fabricators and designers listing ten forms of beam to column 

connection (seven of those shown in Table 1 together with two all 

welded connections and an extended end plate with a haunch) . The 

responses showed that much the most popular connection type was the 

flush end plate, largely because of its straightforward fabrication 

although convenience in containing the joint within the beam depth was 

also a factor. Next in popularity were web cleats (the survey assumed 

double sided) and extended end plates followed by the bottom flange 

cleat with a web cleat and flange cleats. Both combined web and 

flange cleats and flexible end plates appear to be seldom used in this 

country. 

If it is accepted that there is an element of "fashion" behind 

the relative popularity or unpopularity of certain forms of jOint, 

then it would be of interest to obtain reactions to the use of 

single-sided web connections. The web side plate appears to enjoy 
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support in Australia (it is one of the types covered by their standard 

connections manual), whilst single web angles are often used in North 

America. 
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4. Influence of connection behaviour on the perforllance of 

lIe.bers 

All of the jOints shown in Table 1 are capable of transmitting 

shear f r om the beam into the column. The most important difference 

between each of them in the context of overall structural behaviour 

lies in their rotational stiffness i . e. their ability to transmit the 

restraining effects of the beam to the column (or vice versa) and thus 

also to transmit moments . This facility will vary from about zero for 

the most flexible connections e.g . web cleats, up to almost lOOJ of 

that provided by a rigid connection (one that allows no change in the 

relative angle between the members) for the stiffest types e . g . 

tee-stubs . It is most appropriately expressed by means of the 

connection ' s moment-rotation (M, $) characteristic. 

Fig . 1 shows a schematic version of a simple test designed to 

provide the M,$ relationship for the beam to column connection. The 

moment M is simply taken as the moment applied to the connection by 

the beam load W, whilst $ is defined as the change in angle between 

the beam and column centre-lines. Measurement of $ in an experiment 

can be by any suitable arrangement of dial gauges, accelerometers or 

inclinometers providing these permit the true value to be obtained. 

This (<PeON) is defined as the rotation due to the connection itself 

together with any local distortions of the beam centre-line and column 

face due to the connection. Thus <PeON can only be obtained from a 

knowledge of the total rotation of e relative to A in Fig. 1 ($TOT) if 

the other two components due to flexure of the beam over distance se 

( <Pse) and of the hal f -wid th of the col umn AS (<P AS) are also 

determined. 

Some idea of the range of M, <P curves obtainable for the 

different forms of connection shown in Table 1 is provided by Fig. 2 
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which shows typical results. Curves which plot close to the 

horizontal axis imply relatively little rotational stiffness whilst 

those which approach the vertical axis are performing almost as a 

rigid joint. Inspection of all the available data listed in Table 2 

shows that: 

1. All common forms of beam to column connection are more correctly 

regarded as semi-rigid. 

2. All common forms of beam to column connection possess nonlinear 

H, <I> curves. 
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5. Review of test data on connection performance 

Starting from the earliest studies of rivetted connections (1, 

15, 16), many series of tests on beam to column connections have been 

conducted i n laboratories in different parts of the world . Not all of 

these have reported on mome nt- rotation beha viour; in many cases the 

measurements necessary to determine ~ were not made . A s urvey that is 

complete up to the early 1980 ' s is available (3). For the present 

study attention has been focussed on those investigations which have 

provided M, ~ data suitable for use in future studies of member and 

frame behaviour, although several of the earliest test series are not 

reviewed in great detail due to the out of date fastening employed 

i . e . rivets . For completeness some post - l980 investigations which may 

not provide adequate M-~ data are also included . 

Table 2 lists by jOint type the relevant test series, whilst a 

more detailed listing on an individual test basis is given in Tables 

3-12. Close examination of these data has enabled several aspects of 

connection behaviour and its influence on the performance of members 

and frames to be identified. 

5.1 Si ngle web cleat 

Three series of tests have been located, all of them conducted 

in the same Canadian laboratory. Thus test arrangements and 

procedures were very similar in all cases, comprising a cantilever 

set-up with a deep beam and a very stiff column. Shear load and beam 

rotation were produced by two separate jacks acting vertically on the 

beam. Main variables in the tests were: 

i. the number of bolts (from 2 to 12) 

ii. the type of fastening to the column (bolted or various weld 

patterns), see Fig. 3 

iii . the type of fastening to the beam (round or slotted bolt holes) 
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In several cases specimens were subjected to reloading and/or slow 

cyclic loading. Available M- ¢ curves for t he i nitial loading show 

considerable variation in initial stiffness with number of bolts; 

connections wi th less than 5 bolts sustained very little moment whilst 

those with more than 10 bolts possessed significant, almost constant, 

initial stiffness as indicated by Fig. 4. However, the occurrence of 

slip in the larger connections caused sharp reductions in moment, 

after which positive rotational stiffness returned. On reloading, 

rather lower stiffnesses were observed, with behaviour in the third 

cycle being virtually identical to that of the second cycle. The test 

series of ref. 15 showed that changes in detailing produced 

substantial changes in both rotational stiffness and in the moment 

developed by the connection e.g. a change from round to 1.25:1.00 

slotted holes reduced the moment to about one half . 

5. 2 Double web cleats 

Available test data for this type of connection contrasts 

sharply with the previous case, since it has been provided from a 

number of different sources. Unfortunately not all investigations 

have provided M-$ curves; the work of refs . 20-22 was addressed 

principally to the problem of "block shear" failure of the beam web 

(particularly important if part of the upper flange is removed by end 

coping) whilst ref. 23 dealt with the assessment of the strength of 

eccentrically loaded bolt groups. One striking feature of Table 2 is 

that virtually all the tests used M20 (" in.) bolts. In the context 

of M-$ data for subsequent use in assessing the response of 

subassemblages, probably the most useful studies are those of Munse et 

al (24), Lewitt et al (25), Bergquist (26), Bose (29) Bjorhovde (30) 

and Sommer (39). Since 10 of the 12 tests from the first two studies 

employed some rivets, this means that the number of adequately 
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reported tests in which present day fastening was used is only 20. Of 

these just 1 is for a column web connection. A fuller description of 

these 20 tests is provided in Table 3. 

Each of the eight test series referred to in Table 3 provides 

information on different aspects of connection performance. The main 

individual findings are: 

1. Connections with similar geometry, including the fastener 

arrangement, have broadly similar M-$ curves (24), see Fig. 5. 

2. Connection flexibility results principally from deformation of 

the angle cleats in the tension region with smaller contributions 

being due to extension of the column bolts (if used), column 

flange deformation and angular movement of the beam web relative 

to the cleats (24). 

3. Connection stiffness reduces significantly at load levels which 

cause yielding of the cleats; it may increase at higher rotations 

if the beam toe starts to bear directly against the column (24), 

see Fig. 6. 

4. For modest changes in the moment to shear loading on the 

connection its stiffness does not alter significantly (24). 

5. Some of the specimens used in ref. 24 were similar to that used 

for an earlier all-rivet ted specimen tested by Hechtman and 

Johnston (31). Despite differences in the techniques used to 

measure rotations, Quite similar M-$ curves were obtained, see 

Fig. 5. 

6. For cruciform tests in which nominally identical joints are used 

for both beams, virtually identical M- $ curves are obtained for 

the two sides (25). 

7. The use of hardened steel washers under the bolt-heads and the 

nuts increases joint stiffness (25), see Fig . 7. 
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8. Slip of the beam web relative to the cleats is an important 

source of joint flexibility for connections in which the beam is 

bolted (using clearance holes) to the cleats . This may be 

substantially eliminated if two rows of beam web bolts are used 

(25). 

9. Providing the column flange thickness exceeds the thickness of 

the cleats, deformation of the column flange is not an important 

source of joint flexibility. Thus double-sided connections to 

the column web have similar M-$ characteristics (25), see Fig. 

8. 

10. Connection stiffness is approximately proportional to the square 

of the cleat thickness (25). 

11. For this form of connection the presence or absence of paint on 

the faying surfaces appears to have no effect on connection 

performance (25). 

12. Increasing the distance from the column face to the line of beam 

web fastening increases joint flexibility (by about 33J initially 

for connections A and C of ref. 26). This effect is even more 

important, however, for the position of the column fasteners e.g. 

connection B of ref. 26 is approximately 4 times more flexible 

than connections A or C, see Figs. 9 and 10. 

13. Connections in which the cleats are bolted to the column flange 

have sharper unloading characteristics than those (more flexible) 

connections which employ welded cleats (26). 

14. Ref. 26 also contained tests on beam and column subassemblages in 

which connections of the type shown in Fig. 9 were used but with 

the important difference that the beams framed into the column 

web. Some monitoring of connection behaviour during these 

subassemblage tests was undertaken. This showed, among other 
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things, that connection to the column web has relatively little 

effect on initial connection stiffness but column web deformation 

appreciably reduces the joint stiffness during unloading (26) . 

15. For connections sustaining high shear the M-¢ relationship may 

fall whilst the applied load is still increasing i.e. negative 

rotational stiffness is present at large rotations (27). 

16. For the tests of ref. 27 the change from two to three web bolts 

increased both the initial rotational stiffness and the moment 

capacity appreciably. 

17. The peak moments sustained by flexible connections of this type 

are only a few percent «5~) of the beam fixed end moment (27) . 

18. Tests in which the cleats are bolted to the beam web exhibit bolt 

slip at an early stage; this is particularly noticeable for 

connections with only two beam web bolts. Connection stiffness 

increases appreciably at higher rotations, however, when the beam 

bears against the column (30, 39), see Fig. 6. 

19. Increasing the number of web bolts increases the initial joint 

stiffness, although the amount of increase does not appear to 

follow a consistent pattern (30, 39). 

20. The use of a diagonal cope, appears to reduce the joint IS 

ultimate moment capacity significantly (30). 

21 . Connections in which the cleats are bolted to the column flange 

appear to undergo gradual softening up to the point at which the 

beam butts against the column (30) . 

22. Using welds on the beam and bolts on the column increases the 

final moment capacity appreciably; for the two pairs of tests of 

ref. 30 in one case the initial moment capacity was also 

increased. 
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5.3 Web side plates 

Only one set of five tests has been identified and the results 

listed in Table 4; this was conducted principally as a check on the 

design provisions for this form of joint given in the AISC 

standardised connections manual (32, 33) Thus the determination of 

moment-rotation behaviour was not one of the direct objectives. The 

tests were conducted using a propped cantilever arrangement 

illustrated in Fig. 11 in which the tip support was lowered as loading 

proceeded in an attempt to simulate the behaviour of a simply 

supported beam at the connection. 

The shear versus beam rotation results provided exhibit, with 

the exception of W5, almost linear behaviour up to joint failure. 

Moment versus shear curves provided for tests W2 and W4 also show an 

approximately linear relationship. However, during the initial phase 

of each test the authors observed considerable slip between the beam 

web and the cleat. This suggests that the M-~ curves (if available) 

would contain an almost horizontal region with an increase in 

stiffness once the bolts had come into bearing . This possibility is 

supported by the authors' examination of the cleats after failure, 

which occurred by yielding of the cleat plate for W4, revealing 

extreme deformation at the inner line of bolt holes. These bolts 

carried most of the shear wi th the second line being present 

principally to provide the connection's moment capacity. 

It is understood that BHP will be conducting additional tests 

on this form of connection in the near future. These will use a deep 

760 UB147 with either one or two rows of 9 H20 grade 8.8 bolts. 

5.4 Flange cleats 

Several of the earliest test series (1, 16, 31) used angle 

cleats on the beam's top and bottom flanges, usually but not always, 
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with both sets of fasteners being rivets. It appears that interest in 

this form of connection then lapsed until recent studies (29, 35, 37), 

each of which has been conducted with the specific aim of utilising 

semi-rigid joint action . The single test of ref. 29 was actually a 

pilot test for the programme of ref. 35, whilst the 37 tests performed 

by Hot~ (37) form one of the most detailed studies available for any 

form of connection. Van Dalen and Godoy (36) tested 3 versions of the 

same connection; in two of these varying degrees of compOSite action 

with a beam slab were present. Full details of the more recent tests 

referred to in Table 2 are provided in Table 5. Thus some 51 

individual M- ~ curves are available, examination of which has produced 

the following findings. 

1. All 12 tests of ref. 35 produced smooth curves; slip of the HSFG 

bol ts on the tension face of the beam being delayed until 

rotational stiffness had almost disappeared 1.e. the M- ~ curve 

had flattened out, see Fig. 12. 

2. Increasing the length of the cleat (from 150mm to 200mm) 

increased both joint stiffness and joint moment capacity rather 

more than did maintaining the same dimensions but using higher 

strength ma terial. However, the most significant of the 

variables studied in terms of Joint characteristics appears to be 

cleat thickness (ref. 35). 

3. For the single uncased test of ref. 36 in which a smaller and 

much thinner top cleat was used most of the deformation was 

concentrated in this component. Utilisation of composite action 

from the beam slab virtually eliminated this source of 

flexibility leading to joints with much higher in i tial 

stiffnesses and significantly greater moment capacities. In th e 

case of the lightly reinforced slab, slip of the beam relative to 
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the seating angle produced a plateau in the H- 4> curve at a moment 

of approximately one quarter of the joint's eventual capacity. 

4. For the tests of ref. 37 either 3 or 4 nominally identical 

connections were tested for each geometrical arrangement; in all 

cases the resulting set of H-4> curves plotted very close to one 

another, see Fig. 13. 

5. Every test of ref. 37 produced a smooth curve, with a progressive 

reduction in connection stiffness as rotation increased. 

6. The 37 tests of ref. 37 may be grouped into three sets -(A, D, E, 

I), (a, F, J) and (e, G, K) - within which the only change (apart 

from the extra top cleats in the "special" series E) was in the 

size of the column (specifically its plate thickness). Whilst 

there is some effect upon the shape and position of th~ H~ 

curves this appears to be only about as great as the scatter 

between results within anyone series. 

7. Use of extra internal top cleats in series E of ref. 37 

significantly increased both initial joint stiffness and moment 

capacity. 

Ref. 35 also makes several observations based on the results of 

a preliminary series of tests, results for which (with the exception 

of the one result given in ref. 29) were not provided. The most 

important of these are: 

1. Shear did not have a significant effect on moment-rotation 

characteristics. 

2. The rotation is greater the first time the moment is applied. 

3. Repeatability of results with supposedly identical connections 

could be obtained. 

4. HSFG bolts should always be used to connect the horizontal leg of 

the angle to the beam flange to prevent rotation due to slip. 
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5. Stiffness decreases as the distance between the first line of 

bolts and the root radius of the vertical leg of the tension 

cleat increases. 

6. Increasing either the length of the cleat or using additional 

bolts in the vertical leg has only a small effect on M-ct> 

behaviour. 

Both of the main series of tests on this form of connection 

(35, 37) clearly demonstrate its semi-rigid character, with smooth 

nonlinear M- ct> curves which eventually flatten out at moments of the 

order of 50~ of the beam's plastic moment capacity. However, it is 

worth noting that in all cases four fully torqued HSFG bolts were used 

to fasten each cleat to the beam flanges and that the cleats were also 

fastened to the column flange by bolts (8.8 or HSFG). No tests have 

been located in which any of the fastening was by welding; in view of 

some of the findings from tests on web cleat connections it seems 

likely that such an arrangement, whether to the beam or the column, 

would reduce the connection's performance due to the increased 

distances between the lines of fastening. Similarly, no results 

appear to be available in which ordinary grade 4. 6 or 8.8 bolts were 

used to attach the cleats to the beam flanges. This possibility 

provoked considerable discussion (38) when ref. 35 was presented, 

leading to one suggestion that any bolt slip on the beam flanges might 

not actually be harmful since, with a properly controlled clearance 

between the end of the beam and the face of the column, maximum load 

in the assembly would now correspond to a more favourable, steeper 

section of the M- ct> curve. 

5.5 Botta. flange cleat and web cleat 

Despite that fact that 80 per cent of the responses to the 

Hatfield questionnaire (14) used this form of connection at least 
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"sometimes", no experimental studies of its performance have been 

located . (Although one test of ref. 31 appears to have used this form 

of connection no details of the joint arrangement or the H~ behaviour 

are provided.) Of course, it is possible that moving the top cleat of 

type 4 onto the upper part of the web has relatively little effect and 

that such connections behave substantially as flange cleated 

conn"ctions . 

5.6 Header plate 

The type of connection in which a plate is shop-welded to the 

end of the beam in preparation for site bolting to the column flange 

may have several varients. For the purpose of this review these are 

considered under three headings: a header plate (or flexible end 

plate) in which the end plate is substantially smaller than the beam 

depth, an end plate approximately equal to the beam depth with all the 

bolts contained within this depth which is termed a flush end plate, 

and an extended end plate for which some of the bolts are located 

outside the beam flanges. Of these the first acts principally as a 

shear type connection, whilst the second and third, especially when 

used wi th column web stiffeners, possesses considerable moment 

capacity. Flush and extended end plates are considered in sections 

5. 7 and 5.8 respectively. 

Four series of tests on header plate connections, two conducted 

in Canada and two in Australia, have been identified and these are 

referenced in Table 2, with fuller details being provided in Table 6. 

Ref . 40 states that Sommer (39) conducted 24 tests, 20 of which were 

on h"ader plate connections. Of the 9 H-$ curves given by Kennedy 

(40), 8 correspond to this form of connection; M-$ curves for all 20 

tests are available in ref. 40. Ref. 41 provides a full description 

of the later series of 8 tests. The 2 tests of ref. 27 the 7 of refs. 
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28 and 34 were all conducted on AISC standard connections (32, 33) 

with the primary aim of assessing connection strength under high shear 

loading. 

The results presented in refs. 40 and 41 show that the M-¢ 

behaviour of this form of connection consists of two distinct phases, 

the transition between them occurring when the bottom flange of the 

beam rotates sufficiently that it bears directly against the column 

flange. Thus each of these M-~ curves, an example is given in Fig. 

14, exhibits a sudden increase in stiffness (slope), following the 

in i tial nonlinear response. The comparatively thin end plate suffers 

considerable distortion with inelastic action starting at very low 

loads. 

From the discussion of Sommer's tests given in ref. 40 it is 

possible to note that: 

1. Connection stiffness, moment capacity and the point on the M- ~ 

curve at which the beam web comes into direct bearing all increase 

as either plate thickness or plate depth increase or as the 

horizontal distance between the lines of bolts (gage) decreases, 

see Fig. 15, 16 and 17. 

2. Bearing occurs at moments of between 5 and 15 per cent of the 

nominal first yield moment of the beam; moments at least twice as 

large may eventually be developed. 

3. Assuming a simply supported span of 24 times the beam depth, first 

yield would normally be expected to occur in the beam at an end 

rotation of rather less than that at which web bearing commences 

i.e. whilst the connection was still on the initial portion of the 

M- ~ curve. 

4. Kennedy gave a Frye and Morris (42) type of formula, obtained by 

curve-fitting, that provides a good average representation of the 
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ini tial portion of the M-4> curves valid for the range of 

connection geometries covered by ref. 39. 

5. Kennedy suggested that changes in the moment-shear ratio have 

negligible effect on M-~ behaviour, although the connections of 

ref. 39 were all subject to very small shears. 

6. The connections of ref. 41 were designed for between 43 per cent 

and 86 per cent of the beam web capacity in shear. The M-$ curves 

obtained were of exactly the same form as those discussed abovej 

the comments on plate thickness and gage made under 1 also apply 

to this series of tests. 

7. For the tests of ref. 27 the M- curves showed a fall-off as joint 

failure (by bolt shear in test 1 or beam web cracking in test 2) 

occurred. No mention was made, however, of the toe of the beam 

coming into contact with the column face. 

8. The initial joint stiffnesses and the maximum moments sustained 

were both greater than for the equivalent tests on double web 

cleat connections. The moments were still small, being about 5 

per cent of the beam fixed end moment (27). 

9. On reloading (the M-~ curve having reached a gently falling 

region) the connection of test 3 exhibited reduced stiffness and 

carried less moment before collapse (27). 

10. Ref. 34 contained two pairs of tests on nominally identical 

connectionsj the shear-rotation behaviour was noticeably different 

for each test of a pair, although part of this is attributed to 

small variations in testing procedure. 

11. Results for two tests of ref. 34 showed that the joint moment 

either remained almost constant or fell slightly as failure was 

approached. 
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For this form of connection, in which the depth of the end 

plate is between about 40 and 80 per cent of the depth of the beam, 

moment-rotation behaviour is qualitatively and quantitatively similar 

to that of double web cleat connections (type 2), see Fig. 16. 

5.7 Flush end plate 

End plates approximately equal in size to the beam depth with 

all the bolts placed between the beam's flanges have been tested by a 

number of investigators as listed in Table 2 and detailed in Table 7. 

Recognising that this form of connection is capable of transmitting 

significant moments, each of the 8 studies listed have given some 

attention to the question of moment-rotation behaviour. Thus for the 

60 tests covered, M-~ curves are available for 54 of them. All but 7 

of these, which relate to some of the tests of ref. 43, appear 1n the 

published reports. No tests have been identified in which the beam(s) 

framed into the column web; in several instances columns with very 

heavy flanges (43) or with a large amount of web stiffening designed 

to minimise column flange deformation (44, 45, 46) were used. Several 

of the test series (47, 48, 44, 45, 43, 46) varied only one or two 

parameters, thereby enabling their influence on joint performance to 

be directly assessed. The most important of these are: 

Column reinforcement by means of flange backing plates and/or 

web stiffeners - ref. 47. 

Different forms of column web stiffening - ref. 47. 

Deliberate lack of fit between end plate and column flange -

ref. 44, 45. 

End plate thickness - refs. 44, 45, 43, 46. 

Bolt arrangements - ref. 43, see Fig. 19. 
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Although the H-~ curve for this form of connection is again nonlinear, 

it is noticeable that the great majority of the 54 available results 

follow the same general pattern, see Fig. 20. 

Initially the curve is virtually linear with a slope that 

appears to depend principally upon end plate thickness. This is 

clearly illustrated by the 5 tests of ref. 46 shown in Fig. 19 for 

which initial stiffness increases smoothly each time the plate 

thickness changes. Conversely altering the column web stiffening in 

the manner used in ref. 41 or ref. 48, increasing the end plate depth 

beyond the depth of the beam (41) or introducing deliberate lack of 

fit (44, 45) produces little if any change, see Figs. 21 and 22. An 

exception occurs for the shallow set of connections of ref. 43, in 

which HEA 300 beams were used, where increases in end plate thickness 

apparently had little effect on joint stiffness. However, for the set 

in which IPE 400 beams were used, connection stiffness increased with 

an increase in end plate thickness in the same manner as for the tests 

of ref. 46. Useful information on the relative efficiency of different 

bolt arrangements may be obtained from ref. 43, the most important 

finding being that joint flexibility increases with an increase in 

either the horizontal spacing of the bolts (gage) or the distance of 

the top row of bolts below the beam flange, see Fig. 23. For the 

300mm deep beams adding either a second row of bolts below the top row 

or a second line of top bolts outside the first line had almost no 

effect on connection stiffness. Indeed, using only 2 top bolts close 

to the upper flange appears to be structurally more efficient than 

placing 4 top bolts rather lower down. However, connections with a 

double row of top bolts did perform rather better in the case of the 

400mm deep joints. 



21 

After this initial phase, connection stiffness reduces due to 

softening somewhere in the connection. This has variously been 

attributed to plate separation (44) or yield of the column web (48) 

and occurs at a moment of about 60 per cent of the connection's 

capaci ty. The effect on the M-cP curve is to produce a rather rounded 

"knee", the extent of which is influenced by individual jOint 

parameters e.g. end plate thickness, column stiffening etc. 

Once the connection has softened its stiffness again becomes 

approximately constant but at a greatly reduced value, typically about 

1/40th of its initial stiffness. Moreover, this reduced stiffness 

appears to be only slightly affected by changes in joint parameters, 

including end plate thickness. 

The ultimate moment capacity of the connection is influenced 

chiefly by end plate thickness (46, 44, 45, 49, 43) and column web 

stiffening (47, 48), not surprisingly the use of a thicker plate 

and/or more effective stiffening enhancing capacity. One point of 

interest in the tests of ref. 47 is the apparent lack of improvement 

produced by conventional compression stiffeners on the column web, 

equally good joint characteristics being achieved by the simpler 

method of extending the end plate slightly below the beam flange. 

Alternatively, more substantial gains in moment capacity were achieved 

through the use of short backing plates inside the column flange 

behind the tension bolts, as shown in Fig. 24. The tests of ref. 43 

permit some conclusions to be drawn on the effect of bolt arrangement 

on connection strength. These are broadly similar to those mentioned 

previously when discussing joint stiffness i.e. the most effective 

arrangement is to maximise the vertical distance between the top and 

bottom bolts and to locate the fastener lines as close to the beam web 

as possible. Whilst the use of a double row of top bolts did improve 
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the strength of the deeper connection it had little effect for the 

300mm deep connections. 

In several of the tests the full moment capacity of the beam 

(either My or Mp as appropriate) was achieved by the connection . This 

is of particular importance for the four joints which were tested as 

part of the frame during the study reported in ref. 50. In each case 

a moment approximately equal to the full plastic moment capacity of 

the beams was sustained through a large range of rotation by joints in 

which backing plates were used. 

5.8 EItended end plate 

Greater stiffness and strength may be introduced into an end 

plate connection by placing a row of tension bolts outside the beam 

flange, thereby increasing the effective lever arm of the resultant 

tensile force. The main disadvantage of this modification is that part 

of the connection now intrudes into the space between beams. 

Nonetheless the survey of ref. 14 found this form of joint to be a 

very popular means of transferring beam moments into columns; not 

surprisingly it has formed the subject of a significant number of 

separate studies as listed in Table 2, and Table 8. Although the 

main aim in conducting the majority of these tests has been to provide 

information which would assist the designer in proportioning the 

individual components for adequate strength e.g. end plate thickness, 

bolt size and number etc., several of the studies have monitored the 

overall performance of the connection. Thus of the 102 tests 

referenced, M-~ curves have been published for only 53, although it is 

suspected that rather more may well be available e.g. ref. 57. In 

certain cases test series have been organised in such a way that the 

influence of individual features of the joint may be assessed, 
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although this is generally less systematic than was the case for the 

flush end plate. The most important of these are: 

column flange thickness - refs. 56, 58, 59 

end plate thickness - ref. 55 

column stiffening by means of flange backing plates - ref. 56 

column stiffening for haunched connections - refs. 62, 63 

haunching - refs. 62, 63 

axial column loading - refs. 56, 61 

The typical M-4 curve for this form of connection is quite 

similar to that discussed previously for the flush end plate, see Fig. 

25. Thus it has an initial, approximately linear portion followed by 

a large knee, during which considerable softening of the connection 

occurs, leading into a final phase of approximately constant (possibly 

almost zero) stiffness. Tests in which connection response after the 

attainment of peak load was monitored show the unloading behaviour to 

be generally stable, unless triggered by an event such as a weld 

failure. In several instances e.g. ref. 56, the connection sustained 

the full plastic moment of the beam through a large range of rotation, 

see Fig. 26. Because of the rather different nature of many of these 

test series it is appropriate to present selected points from each as 

follows: 

1. For the 3 tests of ref. 56 in which specimens were nominally 

identical except for column size, a reduction in column flange 

thickness reduced the initial connection stiffness appreciably. It 

also changed the shape of the M- <P curve; for an 11.9mm flange the 

initial portion up to about 50 per cent of capacity was 

essentially linear whereas for a 6.5mm flange the curve was 

nonlinear almost from the start of loading, see Fig. 27. Similar 

behaviour was observed between tests 4 and 6 of ref. 49, although 
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these results will also have been affected by a doubling of the 

end plate thickness (from 12mm to 25mm). 

2. Use of too thin a column flange may prevent the attainment of full 

beam strength (ref. 56), see Fig . 27. 

3. The addition of column stiffening in test J4 of ref . 56 enabled 

the connection to develop the full plastic moment of the beam at 

large rotations but only increased joint stiffness in the upper 

regions of the M-~ curve. 

4. Comparison of the M-~ curves for the 2 pairs of tests of ref. 50 

in which the effectiveness of flange backing plates was 

investigated shows increases in both moment capacity and the 

extent of the initial linear portion of the M- ~ curve, although 

the slope of this line does not appear to change significantly, 

see Fig. 28. Similar behaviour was observed for the paired 

specimens of ref. 60. 

5. After "yielding" of the connection the slope of the M-~ curve was 

between about 4 per cent and 10 per cent of its original value. 

This figure was rather hlgher (and more variable) than the 2.5 per 

cent associated in section 5.7 with flush end plates . 

6. For the two deep specimens of ref. 55 in which 8 tension bolts 

were used identical linear load-deflection behaviour was observed 

up to 40 per cent and 65 per cent of ultimate for the thinner and 

thicker end plate respectively. 

specimens were almost identical. 

Maximum capacities of both 

7. Tests 1 and 2 of ref. 61 show that an axial compressive load 

which produces a longitudinal stress of 135 N/mm2 in the column 

flanges has negligible effect on M~ behaviour, even at extremely 

large rotations. Nor does it reduce moment capacity. From the 

other tests in which the column load was applied eccentrically it 
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would appear that longitudinal stresses up to 170 N/mm 2 have 

negligible effect. For test J5 of ref. 56 the presence of an 

axial compressive load in the column of 35 per cent Of its working 

load reduced the initial, linear part of the M-~ curve due to 

earlier column flange yield and flattened the knee leading to a 

response that was almost bilinear; moment capacity was 

unaffected. 

8. Moderate changes in end plate thickness for end plates with 

haunches on the compression side have negligible effect on the M-$ 

curve until it becomes noticeably nonlinear at moments in excess 

of 60 per cent of connection capacity (ref. 62). 

9. Initial connection stiffness may be increased by using longer 

haunches and/or doubler plates which stiffen the column web over 

the full depth of the end plate. Doubler plates in the compression 

region of the column only have little effect on M- ~ behaviour 

(Ref. 62, 63). 

10. Tests 3 and 4 of ref. 49 enable a direct comparison to be made 

between flush and extended end plates since all other parameters 

were similar for the two specimens, see Fig. 25. Allaspects of 

performance appear to be improved for the latter type: initial 

stiffness was approximately doubled, strength increased by almost 

100 per cent and stiffness at large rotations was significantly 

higher. Similar behaviour may be observed for the tests of ref. 

50, although the presence of flange backing plates in some pairs 

of tests appear to have reduced the differences in response. 

11. Limited information is available for the tests of ref. 57 although 

it is believed that more detailed reports do exist. The four M- ~ 

curves provided exhibit nonlinear behaviour throughout, with their 

initial stiffness being highly dependent upon end plate thickness. 
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However, these tests are not directly comparable with many of the 

others in Table 8 as the end plate extended above and below the 

beam. Axial loads of one third of column yield were present in 

most of these tests . Ref. 57 also refers to 97 theoretical M-¢ 

curves generated from a finite element program, from which an M-¢ 

equation has been obtained using regression analysis . This 

equation suggests that column flange thickness, end plate 

thickness, gauge and beam depth are the main influences on 

connection performance. 

12. Use of high strength end plates produces a small increase in 

initial connection stiffness but has negligible effect on moment 

capacity (ref. 57). 

13. Results up to 0. 6 Mp for connection C2 of ref . 57 were obtained at 

different levels of preload in the tension bolts. These showed 

increases in initial connection stiffness of 50~ and 100J for two 

thirds and full preload with little improvement on changing from 

hand tight to one third preload. 

14. Detailed measurements of connection rotation made in ref. 57 

enabled the contributions from each component to be identified for 

a typical test (C4) as: 

shear deformation in column web 50J 

end plate flexure 18J 

column flange flexure 17~ 

tensile strain in column web 6J 

compressive strain in column web and stiffener 9J 

The authors suggested that a similar amount of shear deformation 

would be expected with fully welded connections. 

15. Premature failure due to column web buckling will occur if 

stiffeners are required but not used (test 1 of ref. 53). 
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16. Use of heavy end plates may improve the initial stiffness of the 

connection but will not necessarily enhance its moment capacity 

(ref . 53) . 

17 . HSFG bolts in the tensile zone may be replaced with "ordinary" 

high tensile bolts. 

18 . Providing premature failure due to column web collapse is 

prevented, the use of progressively heavier column stiffening has 

little effect on either the initial connection stiffness or on its 

moment capacity. Similarly, providing end plate thickness exceeds 

a certain threshold value, further increases do not significantly 

improve connection performance (ref . 51), see Fig. 29. 

19. This form of connection is capable of developing approximately 70% 

of full rigidity (ref. 51), see Fig. 29. 

5.9 Combined web and flange cleats 

Only one series of tests appear to have been conducted recently 

in which combined double web and top and bottom flange cleats were 

used (50). These formed part of the series of limited frame tests 

reported at the end of ref. 50 and as such permit useful comparisons 

to be drawn with the other related tests in whi c h either flush or 

extended end plates or tee stubs were used . Apart from the early 

tests indicated in Table 2 no experiments on single joint specimens 

have been identified. Table 9 provides details of the 4 available 

tests for each of which an M- $ curve is provided in ref. 50 . 

Each of the four M- $ curves is nonlinear up to a moment which 

is slightly less than the bea m's plas t ic moment in the case of the 

shallower beams and which is about 60 per cent of this value for the 

deeper beams. The minor c hanges between specimens e.g. use of a 

larger angle, larger bolt size etc. indicated in Table 8 do not appear 

to affect stiffness to any significant extent. 
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Compari ng results for the 4 diffe r ent connection t ypes used in 

these frame tests suggests a hierarch y (i n descending or der) of: 

e x tended end plate, flush end plate with backing plates, combined web 

and flange cleats, tee stubs . Ho wever, the tee stubs are as stiff 

initially as the flush end plate, becoming more flexible suddenly at 

about 30- 40 per cent of capacity due to what appears to be some form 

of slip . 

5.10 Tee stubs 

Tees made from short lengths of I - section split along the 

centreline of the web provide a potentially very stiff form of flange 

cleat . Twenty- seven tests in which this connection was used have been 

identified, although only in the case of the 16 tests of the two most 

recent series listed in Table 2 are complete results available . Full 

details of these tests are provided in Table 10 . 

The M-~ curves for the two test series of refs . 64 and 46, see 

Fig. 29, exhibit one rather noticeable difference; for the latter some 

form of slip appears to have occurred at a moment of about 30-40 per 

cent of the jOint ' s capacity. The absence of this from the tests of 

ref. 64 may be due to a different bolt tightening procedure but 

neither author provides sufficient information for this to be properly 

established . Indeed it is noticeable that the connections of ref. 64 

behaved in an almost linear fashion over a significant portion of 

their range. For the tests of ref. 50 the full plastic moment of the 

beam was effectively achieved for the shallower sections, whilst for 

the deeper beams, whether or not the bottom tee was replaced with a 

seat made from a short length of I-section, the connection appeared 

incapable of providing this level of moment. 
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5.11 Top plate and seat angle 

Connections in which a bottom cleat is used in conjunction with 

a plate butt welded to the column flange and then fillet welded to the 

top flange of the beam have been tested by a number of authors as 

indicated in Table 2 with details of the most recent series being 

gi ven in Table 11. Unfortunately few of these tests are fully 

reported in terms of M- CP behaviour so little in the way of 

observations on the rotational stiffness of this connection type is 

possible. 

From the M- cP curves provided in ref. 36 it is clear tha t this 

form of connection acts rather like a stiffer version of the 

conventional flange cleat arrangement, maintaining its initial 

stiffness up to about 50 per cent of its maximum moment. Replacing 

the top plate with a direct weld between the beam flange and the 

column further increases the range over which this stiffness is 

available but drastically reduces ductility, producing a very brittle 

connection. For the composite versions of the top plate connection the 

presence of the slab approximately trebled moment capacity, with the 

initial stiffness of the connection, which was slightly greater than 

that of the equivalent bare steel connection, being available for 

about two thirds of the range. 

A number of varients of this form of connection, embracing both 

major and minor axis joints, have been tested by Chen and his 

assoc i ates (8, 9). However, since these operate as fully rigid 

joints, their behaviour is not considered herein, especially as the 

published reports do not contain M-cj> curves which could be used as 

benchmarks against which to compare data for some of the stiffer forms 

of "semi-rigid" connection. 
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5 .1 2 Tee-stubs and web cleats 

Only one r ecent i nvestigation (50) has been identi f ied in which 

combined bolted tee-stubs and web cleats ha ve been tested, although 

f our early studies using either ri vets or welds are also shown in 

Table 2. Only one M- $ curve is presented in r ef. 50; a complete set 

of thirteen has been obtained privatel y. These data show that such 

connections respond in a nonlinear manner over the whole of the 

loading range, with the M-$ curve being rather more rounded than was 

the Case for the comparison tests on flush end plates, see Fig. 30 . 

Moreover, for the particular geometries tested this form of connection 

appears slightly stiffer initially as well as being capable of 

sustaining a higher maximum moment. In virtually every case the 

plastic moment capacity of the beam was attained. The various changes 

between tests noted in the last columns of Table 12 produced the 

following effects: 

1. Replacing the tension bolts with a smaller size reduced the moment 

capacity of the joint as well as causing its stiffness to reduce 

more rapidly with increasing moment. 

2. Use of slotted holes for the web cleats appeared to have little 

effect on performance, although one test result suggests i ncreased 

deformation at about 60 per cent of capacity due to slip. 

3. The presence of compression and tension stiffeners on the column 

web ensured the attainment of the beams ' s Mp; in the case of the 

deeper beam this was reached with little Joint rotation . 

4. Reducing either the flange width or the flange thickness of the 

column decreased connection stiffness and appeared to prevent the 

plastic moment capacity of the beam from being attained. 
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Despite the points made above, the overall impression is that changes 

between individual tests had comparatively little effect on connection 

performance as measured by its M~ curve . 
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6. Connecti ons usi ng RHS 

Numerous investigations into the behaviour of truss-type 

connections using tubular members have been reported (70); these are 

not the concern of the present study. Of direct interest though is 

the work on beam to column connections in which an I-section beam 

frames into a rectangular hollow section (RHS) column summarised in 

Table 2. 

In the Canadian tests (71, 72) the connection was made by 

welding suitably coped strap angles to the side walls of the column 

and to the flanges of beams of equal width and t wo thirds of the 

column width respectively, as shown in Fig . 31. For both series two 

additional tests on conventional "rigid" connections designed 

according to current eSA practice using I-section columns were 

included for comparative purposes. Full M-~ curves were provided for 

each of the 38 tests, some examples are given in Fig . 32 . These are 

nonlinear over the full range and demonstrate the feasibility of such 

connections as moment connections capable of developing the full 

plastic moment of the beam. For beams of equal width to the columns 

connection stiffness was just under half that of the " rigid" 

connections; for the narrower beams, for which some form of additional 

web cleat was necessary to transfer the shear, almost the full 

stiffness was achieved. 

A rather different form of connection between an I-sec tion beam 

and a RHS column has been tested by Echeta and Owens (73) in the 

con t ext of research on composite frames (74 ) , see Fig. 33. Thus the 

beam was attached to a bottom cleat welded to the column with Gr . 8 . 8 

bolts (HSFG bolts were originally specified in developing the design 

approach but were replaced in the test). Small stabilising cleats 

were used near the top of the beam web. The connection was tested 
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under a combination of high shear and high moment with an axial load 

in the column of approximately 55 per cent of its capacity with the 

slab in place. Whilst one beam was flush with the column face, a 2mm 

gap was left on the other side and this was sufficient to introduce a 

jump in the M-~ curve when slip occurred in the bottom cleat bolts. In 

both cases the M~ curve was approximately linear up to the estimated 

moment capacity of the beam, see Fig. 3~. This was followed by a 

substantial knee leading to a long plateau. Ref. 73 makes some 

interesting comments on the interaction between the top cleats and the 

concrete slab in transferring tensile forces. 

Recently tests on a novel method of connecting I-section beams 

to RHS columns have been conducted in Liege (75). These used threaded 

shear connectors, stud welded to the column fa ce to effect a site 

connection via end plates or cleats attached to the beam end in the 

fabricating shop. A total of 28 tests were conducted on four 

connection types; flush end plate, extended end plate, double web 

cleats and flange cleats. Although no M-~ curves were reported, the 

moment versus deflection data provided enables some idea of the 

restraint characteristics of this type of joint to be ascertained. 

These suggest that the behaviour of flush end plates and double web 

cleats will be similar, with extended end plates and flange cleats 

having comparable initial stiffness, although the extended end plate 

is capable of maintaining this stiffness up to rather higher loads. 
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7. Other for.s of end restraint 

All of the foregoing discussion has been limited to the ability 

of steel beam to column connections to provide restraint against 

member end rotations associated with planar behaviour. This is quite 

sufficient for the consideration of frame behaviour on a two-

dimensional basis which is the approach most often used. However, a 

full three-dimensional treatment requires a wider range of jOint 

characteristics. Very little of this type of information appears to 

be available, especially for the types of joints considered herein. 

This is preventing development since methods for the analysis of 

individual members under biaxial bending, which are capable, in 

principle, of incorporating all forms of end restraint e.g. torsional, 

warping, major and minor axis bending, have been available for some 

time (76, 77). For other forms of framing e.g. scaffold assemblies 

(78) and offshore platforms (79), using different classes of member 

and forms of joint, some progress has been made. 

On a more limited scale Bennetts et al (80) have provided 

experimental data on the degree of torsional restraint provided by 

three types of "simple" connection: double web cleat, web side plate 

and flexible end plate. Twenty-two tests were conducted in which the 

twist produced by an applied torque was measured. These produced 

nonlinear relationships with torsional stiffness decreasing as 

deformations increased. In some cases local distortion of the beam web 

was a contributing factor. Relating the results back to the 

requirements for torsional restraint and torsional strength at the end 

supports for beams so as to ensure adequate lateral stability 

according to the Australian code (81), casts some doubt on the 



35 

classification of these particular forms of connection according to 

the provisions of the AISC manual on standardised connections (32, 

33). 

The AISC approach is itself of relevance to the present revie w 

since it seeks to link joint restraint and member strength in a 

quantitative way . A performance requirement is first derived based on 

considerations of the elastic critical stress o cr for lateral-

torsional buckling of beams with finite end torsional restraint (8 2 , 

83). Thus if ocr exceeds 98 per cent of the value for infinite 

torsional restraint the connection is considered as torSionally fixed 

and the beam designed for an effect i ve length equal to its spa n L. 

Welded moment connections, extended end plates and bearing pads for 

which the beam's end plate extends over its full depth fall with i n 

this category . Incomplete torsional restraint is considered to be 

provided for connections for which the beam's elastic critical stress 

lies between 98 per cent and 85 per cent of the full value. Thi s 

lower limit of ~r corresponds approximately to the range of beam 

strengths for which it is appropriate to Use an enhanced effective 

length of 1.2L in conjunction with the beam design rules of AS1250. 

Connections in this group include angle seats with web top cleats, 

bearing pads with part depth beam end plates, flexible end plates, web 

cleats and web side plates . In the evaluation of the torsional 

flexibility of each type of connection it is of interest to note tha t 

coping of the beam (if present) often represents the maj or 

con t ributi on. However, it is within this area of evaluation that the 

later studies of Bennetts et al (80) suggest the need for s ome 

modi fica t i on. 
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6. Seat-rigid joi nt action and fraae perforaance 

Although it is apparent from the review of test data relating 

to connection behaviour presented in the previous sections that most 

beam to column connections behave in a semi-rigid fashion, it has been 

the normal practice to design steel frames as either "simple", for 

which connection stiffness is largely ignored, or "rigid", for which 

full continuity is assumed. However, dating back to the work of the 

Steel Structures Research Committee (1), several attempts have been 

made to introduce a more realistic consideration of the actua l 

behaviour of the jOints into the process of design. Indeed, many of 

the references to experimental investigations of different forms of 

jOint listed in Table 2 have, themselves, included material of this 

nature. Of particular interest in this context are several of the 

earlier references (25, 31), in which the concept of beam lines was 

introduced as a means of understanding the behaviour of beams with 

limited end restraint. 

More recent contributions tend to have approached this problem 

from the rather different standpoint of attempting to assess th e 

ext ent to which various degrees of semi-rigid action can be 

accommodated within the spirit of conventional design approaches . Thus 

for example the work of Kennedy (40, 41) on flexible connections has 

addressed the problem of ensuring that the beam's moment capacity is 

attained in the sagging moment region within its span before the 

connection develops additional stiffness due to direct bearing of the 

toe of the beam against the column face. At the other end of the 

spectrum Surtees and Lucking (84) have compared the requirements of 

the so-called "Joint Committee" (85) method of design for no-sway 

rigid frames with the experimentally obtained characteristics of 

extended end plate connections. Their findings suggest that despite 
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increases in column stresses, especially if significant minor axis 

loading is present, together with larger beam deflections, careful use 

of the method should still provide acceptable designs. A useful 

discussion of the incorporation of semi-rigid joint action into an 

up-to-date frame design method (86) has recently been provided by 

Roberts (87) who presented examples which demonstrated useful weight 

savings compared with equivalent "pin-joint" designs. Moreover, these 

savings approached those obtained with "rigid" design . 

Two aspects of this problem have received particular attention 

of late : detailed studies of the strength of end-restrained columns 

and the assessment of the effects of jOint flexibility on the 

behaviour of sway frames. A review of the first of these will be 

published shortly (88). This summarises a number of theoretical 

studies, the results of which have been used as the basis for a 

reinterpretation of the effective length concept, which suggests that 

proper allowance for the beneficial effect of the end restraint 

provided by several forms of "flexible" connection can lead to 

significantly enhanced column strength. A more design-oriented 

presentation of this material is also available (89). 

A similar review of the work on sway frames, summarising the 

results of several numerical investigations, is also due for 

publication (90). A recent development in this area, which would 

appear to be of particular significance to designers, has been the 

demonstration that standard frame analysis programs (90) may be used 

to perform analyses which include semi-rigid joint action (92, 93). 
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9. Recommendations (or further testing 

Clea r ly a prerequisite for an improved understanding of 

semi-rigid Joint action on structural behaviour is the availability of 

an adequate body of data on connection performance. In this context 

the more "flexible" forms of connection e.g . types 1-8 of Table 2, are 

considered to be the most important, particularly as " simple " 

construction appears to be the more favoured form in the U. K. The 

Hatfield survey (14), although selective in the types of joints on 

which information was requested, confirms the predominance of "simple" 

connections (apart from portal frame connections) . Of the connection 

types considered in Table 2, numbers 1 and 3 are thought not to be 

used in this country. Ref. 14 suggested the most popular forms of 

"simple connection" to be: types 7 and 2 with some use of types 5, 4 

and 6; significant use is also made of the rather more rigid t ype 8. 

Reference to Tables 2-8 shows the amount of test data r elating 

to these types to comprise: 

Type 2 double web cleats 75 tests (31) 

Type 4 flange cleats 83 tests (51) 

Type 5 bottom flange cleat + web cleat o tests (0) 

Type 6 header plate 37 tests (30) 

Type 7 flush end plate 60 tests (54) 

Type 8 extended end plate 102 tests (53) 

in which the figure in brackets r efers to the number of tests (broadly 

representative of current practice) for which M-4> curves are 

available. The most striking feature of this summary is the absence 

of data for type 5, despite 80 per cent of the respondants to the 

Hatfield survey claiming to use it at least "sometimes" . For each of 

the other five types, a significant amount of data are available, 

although the number of variables present in any connection problem is, 



of course, sufficiently large that anything approaching a full 

coverage would require very many tests indeed. However, inspection of 

Tables 3, 5-8 shows that in each case enough tests have been performed 

for a reasonable indication of the interrelationship of the individual 

variables present within each type e.g. cleat size, bolt arrangement, 

column flange thickness, column stiffening etc., on joint stiffness to 

be extracted. This appears to be particularly the case for the three 

forms of end pIa te. For web cleat connections behaviour is 

complicated by the present of slip at some stage as well as by the 

strong influence of the exact method of fastening the cleats to both 

the column face and the beam web on the amount of cleat deformation 

that takes place. The presence or absence of coping of the beam web 

is another important factor. 

Whilst the available connection test data provide much useful 

information for studies of semi-rigid action, because many of the 

tests were not conducted specifically with this aim in mind, several 

important aspects have received little or no attention. It is 

therefore desirable that information be obtained on: 

1. Connections to beams that frame into the column web - no recent 

tests of this type have been identified, see Table 2. Particularly 

in the case of unbalanced connections, deformation of the thin 

column web may be expected to produce some differences from the 

response of major-axis connections. This arrangement is 

particularly important in the context of column behaviour since 

buckling about the minor axis is the usual form of col umn 

failure. 

2. Variability in the performance of nominally identical connections 

- only a limited amount of information is available on the spread 

of M-~ curves likely to be obtained for any particular connection 
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type e.g. from either arm of a cruciform test, the tests of ref. 

31 on flange cleats. Any dependance on semi-rigid action needs to 

establish the sensitivity of the improved performance to the 

expected variability of the restraint provided. 

3. Connection behaviour under repeated and reversed loading - very 

few tests have investigated the changes in joint stiffness that 

take place on reloading. For connection types in which a 

significant amount of slip, bedding-in of bolts etc., takes place 

on first loading, behaviour in the second and subsequent 

applications of load may be expected to be rather different. 

Reliance upon joint r"straint requires that the degree of 

restraint present after an application of the connection's 

anticipated working load be known. In the case of columns end 

rotation will meam that the connection to the beam on one side 

will be unloading and some indication of the stiffness available 

at this stage is required. 

4. Influence of lack of fit on M-<P behaviour - although the tests of 

ref. 45 on flush end plates with fully torqued HSFG bolts 

suggested little effect in that case, tests on other connection 

types would be useful. This item is one specific component of 

pOint 2 above on variability. Because of the importance of bolt 

slip, the exact stage at which the beam toe comes into bearing 

against the column face etc., for the web cleat type of 

connection, it seems likely that factors such as the use of 

oversize holes will have a significant effect on the stiffness of 

this form of connection. 

5. Tests on bottom flange cleat plUS web cleat(s) arrangements should 

be conducted - no tests on this form of connection have been 

identified despite its seemingly quite frequent use (14). It is 
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surprising that no data could be found since it leads inevitably 

to the question "How sound are present design approaches for basic 

connection strength if nothing exists against which they may be 

checked?" It is suggested that the usage of this type of 

connection be more fully investigated and if the Hatfield findings 

are confirmed then a representative test series be conducted. This 

test series would, of course, also provide the missing M~ data 

for this type of connection. 

6. Performance of connections in which both major and minor-axis 

beams are present - no tests have been identified on three-

dimensional arrangements. It is not known to what extent direct 

bending of the column web by connection to minor-axis beams would 

degrade the performance of the connection(s) on the column 

flange(s) and vice versa. 

7. Restraint characteristics other than in-plane rotational restraint 

- apart from the tests of ref. 80 on torsional restraint no work 

has been identified on the level of restraint provided against 

types of deformation other than in-plane bending e.g. torsion, 

warping and out-of-plane bending. Since structures are 

essentially three-dimensional, even if most analysis and design is 

based on two-dimensional representation, all types of restraining 

action at joints should eventually be taken into account. Even the 

limited study of ref. 80 has revealed the importance of giving 

proper consideration to the exact capabilities of connections. 

Already three-dimensional approaches to the analysis of individual 

members e.g. columns, are available; the appropriate joint data 

needs to be produced if these are to be properly used to assess 

the strength of members as parts of structures (rather than 

continue to work in terms of "ideal" end conditions). 
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10. Conclusions 

A review has been made of over 700 full-scale tests on steel 

beam to column connections, embracing 13 different classes of joint. 

It has concentrated on the future application of these data to an 

improved understanding of the role of connection beha v iour on the 

performance of steel frame structures. Thus the semi-rigid nature of 

all common forms of connection has been emphasized, with the 

connection's moment-rotation (M-~) curve being identified as its most 

important single characteristic. Approximately half the tests provide 

this type of information. Section 9 has attempted to identify areas 

in which additional testing is desirable and the particular aspects of 

connection behaviour that require further consideration. 
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