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ABSTRACT

The moment-rotation behaviour of bolted beam-to-column

double web angle connections are evaluated. Also, the effect
on that behaviour of connect.ion geometric parameters are

determined both experimentally and analytically,
The experimental- testing program is designed to isoLate

t.he effect of each connection size parameter on the moment-

rotation behaviour. Twenty specimens wit.h bolted connections

are tested, each involving two similar double-web- angle

beam-to-column connections. Three sizes of bean section and

three sizes of angle thickness are tested to determine Lhe

moment-rotation behaviour, The test specimen arrangement

consj-sts of t.wo beam segments attached to the fl-anqes of a

heavy column stub by pairs of bofted web angles.

A mul-tiple regression ana.Lysís procedure is used in the

development. of a st.andardized monent -rotat. ion function for
double web angle connections. The standardized function is
expressed in terms of the significant geometric parameters

for doubl-e web angle connections. Five different
st.andardized functions are presented, based upon moment-

rot.atíon data for the connections tested in this sÈudy, then

for those data p.Lus data from similar connectíons tested by

others, and finally for all usable data for double web angle

connections.

Test results show that the angle thickness, the gauge

on the column, lhe length of t.he ang.le, the beam depth and

the number of bolts per angJ.e Leg on t.he column fl_ange



exhibit significant infl-uence on the moment-rotation

behaviour of the double web angle connections. The angle

thickness and the number of bo.Its per angle leg have greater

inf.Iuence on the connection behaviour than the other

connection size parameters considered,

The standardized moment-rotatíon curves match closeJ-y

the corresponding experiment a I Iy-measured moment- rotat. ion

data. The standardized function based upon the usabl-e test
data for double web angle connections compares well with

that based upon data from bofted-bolted double web angle

connections. A standardized moment-rotation function is
proposed for doubÌe web angle connections,
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CHAPTER 1

INTRODUCTION

1.1 GENERAL

Beam-to-column connections constitute a smal I
percentage of the weight of a structure, yet they are

expensive to fabricate and they play an important rol-e in
deternining the internal force distribution and the

structural displacements under 1oad, Bergquist (L9771

pointed out that connection defornations sometimes

contribute substantial-Ly to the overall displacements of a

st,ructure. Using Bergquist's test results, .Tones, Kirby and

Nethercot (1982) and Luí and Chen (1983) demonstrated that
the l-ateral stiffness and strength of a col-umn restrained at
its ends by flexible connections are greater than those for
a similar pin-ended coLumn. Connectj.on deformation in a

moment -res i stanL, unbraced frame can contribute
significantly to the horizontal- drift of the structure under

lateral Load. In additíon, the connection moments and

lateral displacements can ampJ-ify the P-^ effect. The

results of a study by Ang and Morris (1984) revealed that
t.he maximum drift in a rigidly connect.ed frame was increased

by L1- percent when P-A effects were accounted for. When

top and seat angle connections were used in the frame, the

P-A effect accounted for a 100 percent increase in drift.
The results of an investigation carried out by Lewitt,

Chesson and Munse (1969) revealed that double web angle

connections deveLoped as much as 20 percent of t.he beam



fixed-end moment at the specifíed l-oad ]evel. Such

connections are usually desÍgned as pinned, A study by Batho

and Rowan ( j-934) concl-uded that about 20 percent of the

overaLL bean weight could be saved if the end rest.raint
provided by flexÍble connections were taken into account in
the design procedures.

"Pinned" connections rnay develop unanticipated col-umn

moments. These moments may produce co.l-umn end fixity thaÈ

reduces the effectivê length of the col-umn. On the other

hand, for checkerboard loading, the end moments may produce

severe column l-oadíng.

In generaJ-, six components of force are transmitted

through a beam-to-column connection. These force components

are associaÈed with six corresponding components of
deformation in the connectíon. The dominant force and

deformation components in a connection are the flexural
moment, M, about a horizontal axis normal to the beam web,

and the corresponding rot.ational deformationf ø. These

components are usuaLl-y referred to simpLy as the connection

moment and rotation.
The contribution of beam-to-col-umn connections to t.he

overall structural- behaviour of steel frames, has not been

addressed wel-l- by the steel design specifications. Lack of
sufficient experimental moment.- rotaL i on data and an

efficient procedure for incorporatÍng moment-rotation data

into a structural analysis computer program are the main

reasons, As a result, designers who wish to incorporate



connection behaviour into their design procedures have to
resort. to experimental data to define the moment-rotation

relationships for the connections.

The Canadian Standards Association Specification CAN3-

SL6.L-M84 (CSA 1984) mandates that all connections of beams,

girders and trusses be desígned as either "rigid,' or

"simple". Real connections are neíther " rigid " nor

simpJ-e ", but rather are seni-rigid. Under certain
conditions, the American Instítute of SteeI Construction

Specíficatíon (AISC l-983) permits the assumption of partial
connection restraint. Such provisíon is seldon used however

(Goverdhan 1984 ) .

To incorporate the end restraint. provided by f]-exible

connections int,o a strucLural analysis procedure, accurate

nodelling of the noment-rotation behaviour of the

connections is essential . AdequaÈe experimental data are

needed in this effort..

1.2 OVERVIEW OF CONNECTION STUDIES

The five most conmonly used beam-to-column connection

types are the singl-e web ang1e, the double web angle, the

header plate, the end plate, and the top and seat angle,

Experimentaf research into the behaviour of structuraL
connections dates at least as far back as L917 (Wilson and

Moore, 1917) . Most investigations have been carried out on

riveted connectj-ons, which are 10 to 15 percent less stíff
t.han bol-ted ones, and which are now obso.Lete. While the



results from the investígations have provided much useful
infor¡natlon on connection shear strength, duct.ilíty,
stiffness and overal-1 behaviour, Ín rnost of them moment-

rotation rel-ationshíps have not been recorded. Thus, while

more than 800 tesLs of steel beam-to-column connections have

been reported, in onJ-y about 330 have moment-rotation data

been measured and reported. Tn most of the experimental test
programs reported, the effects of indivldual paramet.ers have

not been isolated.
It is impractical to incorporate into a structuraL

analysis computer program the monent-rotation data for all-

possible combinations of size parameters for aLÌ connection

types. Thus, an alternative that has been tried is t.o

develop a standardized moment - rot.at ion function for each

connection type. Then, when the connection size parameters

are substituted into the standardized function, the moment-

rotation behaviour for the specific connection can be

computed by the program and incorporated into the structural
ana.Iysis.

Three different approaches have been used by

investigators to standardize Lhe moment-rotation functions.

In one of them the functions have been based on el-asto-

pl,astic behaviour of the connection, Functions based on this
approach are simp.le in form. However, l-inear or bilinear
functions give poor approxirnations to t.he real moment-

rotation behaviour, especially as regards t.he sfope of the

moment-rotatíon curve,



A second approach has been t.o devel-op empírical or

semi-empirical functions based on specific test programs.

The result.ing functions normall-y provÍde a good fit to the

test data on whích they are based, but they usually yield
poor resul-t when applied Èo other experimental data.

Final-ly, a generalized function, calibrated to fit all
avail-abIe experimental- daLaf has been proposed. Several

attempts have been made to develop such generalized

functions (Sommer 1969, Frye and Morrls 1-975, Altman et al.
!982, Ang and Morris L984, Lui 1985) . Generally, these

attempts have not yielded good accuracy. The probÌen ís that

they require sets of experimental data for two or more

connections that are similar except for one geometric

parameter. Unfortunately, not enough of these data are

avail-abLe. To overcome this probl-em, Attiogbe, Morris and

Onuah (1"989) recently attempted a curve fitting procedure

that enabl-ed afI available experirnentaL data to be util-ized.

1.3 OBJECTIVE AND SCOPE

The objectives of this study are t.he following:

i) Lo identify the connection geometric parameters that
influence most. signj-ficantly the moment-rotation behaviour

of doubl-e web ang.Ie connect.ions,'

ii) to eval-uate experimentalJ-y the effect of the most

significant. of those parameters on the moment-rotation

behavi ou r;



iii) using the monent-rotation data for all of the specímens

Lested, and a multiple regression anaJ_ysís procedure

(Attiogbe, Morris and Onuah 19891 , to develop a standardized

moment-rotation function for double web angle connections.

1.4 ASSUMPTIONS AND LIMITATIONS

The imposed assumptions and limítations are the

following:

i) Except for two of the test specimens whích were

subjected to four cycJ-es of Ioading and unloading, onLy

static monotonj-c l-oading is considered.

ii) Onty connections in which the web angles are bol-ted to
the beam and to the column flange are considered. Eighteen

of the test specimens employed ASTM À'325 boIts, whj.le the

remaining two used ASTM 4307 bol-ts.

iii) The connection design and detailing are in accordance

wÍth t.he provisions of Canadj.an Standards Association

SpecicifÍcation CAN3 S16.1-M84 (CSA 1984).

iv) OnIy pairs of connections, symmetrically placed on

opposite faces of a W-section stub coLumn, are considered.

Thus, shearing deformation in the coJ-umn web, which woul-d

occur in a specimen with only a singJ-e connection, is
ignored.

v) Bare steel framing only, as opposed to composite

construction, is considered.



CHAPTER 2

PREVIOUS STUDIES

2.1 GENERAL

various studies have been performed with the aim of
quantifying the moment-rotation behaviour of commonly used

steel beam-to-column connections. A summary of these

investÍgations is presented in this chapter. The connectíons

investigated were riveted, boLted and v¡elded-bol-ted.

2.2 EXPERIMENTALINVESTIGATIONS

Several surnmary papers have been published on

experimental investigatíons of the behavíour of the

commonly-used steeL bearn-to-column connection types

(Goverdhan !984, Nethercot L985, Kishi and Chen 1986 and

Morris and Packer 1987) , The summary presented here deals

r,¡ith doubLe web angle connections onl-y.

Test.s have been conducted on double web angl-e

connections using both riveÈs and boJ.ts as fasteners. Tests

on riveted connections, conducted by Wilson and Moore (L917)

and Rathbun (1936), showed that the behaviour of rivet.ed

connections is simiLar to that of bolted connections.

Munsef BeÌI and Chesson (1959) performed four Lests on

doubl-e web angle connections to study the effect on

connection behaviour of high strength bolts used in

conjunction with rÍvets. They found that. the monent-to-shear

ratio did not inffuence the connection behaviour. FÌexure of

the angles was the primary cause of failure, since none of



the fasteners faifed.
Lewitt, Chesson and Munse (1969) carrj-ed out

investigations on double web angle connections using both

rivets and high strength boLts. The results of their tests
confirmed that the assumptions made in the derivation of

their predíctive equation for the mornent- rot.at. ion curve were

in good agreement with the actua.L behaviour of the

connections. They afso found that due Ëo the clarnping action

of high strength bolts, bofted connections \,¡ere stíffer than

riveted ones. The st.íffness of the bolted connection 1¡as

increased if hardened steel- washers were used.

Sommer (1969) conducted a comprehensive test. program on

shear connections, incJ-uding four doubl-e web angle specimens

and twenty header plate specimens. He reported that the

double web angle connections, which had their angles weLded

to the beam web, behaved líke header pl-ate connections. He

further point.ed out that the only difference between the two

types of connection was the moment val-ue at which contact

was made between the flanges of the beam and the column.

Thompson, Mckee and visintainer (f970) carried outs

tests on doubl-e web angJ-e connections to determine the

effect on connection performance of the size of the

connecting angl-es, the gauge disLances on the column, and

the material yield strength. The main conclusions from this
test program vrere that. the connections were flexible enough

to sustain the anticipated rotations, and that the design



method reconmended by the .American Institute of Steel

Construction (AISC) was satisfactory.
Most of the tests described above r,¡ere not designed to

determine the effect.s of índividuaÌ connection size
parameters on the moment-rotation behavj-our. The

determinatíon of such effects requires a group of tests in
which only one size paraneter at a t.imê is varied.

2.3 MODELLINGFUNCTIONS

The behaviour of all steel connections is nonlinear.

Researchers have modelled the nonlinear behaviour of steel
connections using a variety of functions. Early

investigators (Lothers 1951-, Lewitt, Chesson and Munse 1969)

employed linear or bilinear funct.ions to model- the

behaviour. Obviously, t.he linear or bil-inear functions do

not approximate the nonLinear moment-rotation behaviour very

closely.
Soruner (L969), Frye and Morris (1975) and A1tman et al .

(1982) modelfed the moment-rotation behaviour wit.h a

polynomia.L function. The polynomiaJ. function provides a

better approximation than the linear or bil-inear ones.

However, due to its inherent oscillatory nat.ure (.Tones,

Kirby and Nethercot 1980), it may yield erratic
approximations to the connection stiffness at various values

of rotation.

The cubic B - spline procedure proposed by Jones, Kirby

and Nethercot (1981) provides a good approxi-mation to Che
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nonl-inear moment-rotation curve. However, Ít requires a

large number of parameters for its evaluation.

Lui (1985) recently proposed an exponential model which

provides a good representation of the moment-rotation

behaviour. However, the model may not do well when the

connection is subjected to strain hardening. Furthermore, it
requires at least six parameters for its evaluation.

The Ramberg-Osgood (1943) and Ríchard (1975) functions

have been used to obtain good approximations to experimental

moment-rotation curves, usíng only three and four
parameters, respectively. The Ríchard function has been

shown to be more accurate than other functions in modetling

t.he moment-rotation behaviour of five conmonly used

connection types (Att.iogbe, Morris and Pinkney 1988) .

2.4 STANDARDIZATION OF MODELLING FUNCTIONS

To standardÍze the modelling function, that is to
devel-op a moment-rotation function expressed in terms of the
geometric parameters for a given connection type, two

approaches have been used, The first invoLves el-asLic and

pl-astic analyses of the connection, incorporating phenomena

observed in tests of the connection. The prediction
equations based on this approach are either Iinear or

bilinear and thus are obviousl-y incapabJ-e of matching

cl-osely the experimental moment - rot at. ion curves.

The second approach requires the availability of
experimental moment-rotation data for the connection, The



procedure invo.Ives identifying those geometric parameters

that most strongJ-y affect the moment-rotation behaviour of a

particular connection type. The effect of each of the
geometric parameters in turn is isol-ated using experimental

moment-rot at. i on curves for connections that are identical
except for one geometric parameter. UnfortunateJ_y, sínce few

connection test prograns have been designed to isolate the

effects of indívidual- geometric parameters, onl-y a smaII

proportion of the available experimental data can be used in
this procedure.

Using elastic analysis, Lothers (1.95L) derived a .l- j-near

equation to predict the initial rotational stiffness for
doubLe web angle connections, He also derived an allowable

resÍsting nonent equation in terms of alLowable bending

stress and geomet.ric parameters of double web angJ_e

connections. Since the actual connection behaves

inelastical-ly even at Lov¡ moments, these equations may be

inaccurate at moment val-ues in the service Ìoad range,

Lewitt, Chesson and Munse (1969) derived a prediction
equation for the moment-rotation behaviour of doubfe web

angle connections based on three stages of connectj-on

behaviour, namely: elastic, el-asto - pl-astic and plastic.
The equation is not suited for general appJ_ication since ít
contains constants which have t.o be evatuated empirically.
In addition, the applÍcation of the equation is restricted
to a smafl number of anqle sizes and gauge dj.stances.

Using the second approach for standardizing moment-
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rotation curves, Sornmer (1969) developed a more

standardized moment- rot at. i on equation, of the form:

Ø = CL(KM) + C2 (KM) 3 * cr (x¡,¡) 5

general

(2.7\

which he appJ-íed to a

that he had tested. In

connectíon rotation and

are constants determined

fit of t.he experimental

of the form:

series of header pJ-ate connections

Equation (2.I1 , Ø and M are the

moment, respectivel-y. CL, C2 and C3

by performing a least squares curve

data, K 1s a standardizatlon factor

(2.2t
m

T_TK = I I P:"t
J- L

r,,¡h e r e

Pj is the jth connection size parameter,

aj is an exponent which indicates the

effect of the jth size parameter.

m is the number of size parameters.

The exponents aj are determined by considering a family of
experimentally obtained moment.-rotation curves for
connections that are ident.ical- except for parameLer pj.

Frye and Morris (1975) used Sommer, s procedure to
devel-op standardized polynonial functions to predict the

moment-rotat.ion behaviour of seven types of semi-rigid
connections. Al-tman et al. (1982) used a modified version of
Sommer's procedure to develop a dífferent. standardized
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pol-ynomial expression for modelling the moment-rotation

behaviour of top and seat. angle connectÍons.

Âng and Morris (l-984) used the Ramberg-Osgood function

to replace the polynomial function Ín the deveJ-opment of
standardized moment-rotation expressíons for five connection

types. The difficuì-ty wíth the above procedure is that it
requires variatl-on of one parameter at a time. To overcome

this probl-em, Attiogbe, Morris and Onuah (1989) employed a

multiple regression analysis procedure, in conjunction with

the Richard function, to develop a st.andardized moment-

rotation function for double web angle connections. The

advantage of the lat.ter procedure is that it is abfe to

empl-oy aIl appropriate avail-abJ-e experimental data in its
derivat.ion.



CHAPTER 3

MODELLING PROCEDURE

3.1 GENERAL

In this chapter, the results of a recent study

(Attiogbe, Morris and Pinkney 1988,1989), which compared t.he

accuracy of several nodelling functions are summarized. That

study showed that the Richard function provi.ded the most

accurate fit to t.he moment-rotatíon data for the connections

considered. In additÍon, a summary of the standardization
procedure outlined by Attiogbe, Morris and Onuah (1989) is
presented. As descríbed in Chapter 6, the latter procedure,

using the Richard function, v¿as used to develop a

standardized moment-rotation function for the double web

angle connections test.ed in this study.

3.2 MODELLING FUNCTION

In a recent study by Attiogbe, Morris and Pinkney

(1988,1989), the accuracy of the Ramberg-Osgood and Richard

functions and the cubic B - spline curve fitting procedure

was compared. In the study, the method of least squares and

a procedure employing selected points were used to fit the

three types of funct.ion to experimentaJ- data, The l-east

squares method was found t.o yield the more accurat.e fits.
Figure 3.1 shows both Richard and Ramberg-Osgood fits to
t.hree sets of moment-rotaLion data, for doub.le web angle

connections, using the .least squares method. It can be

observed from t.he figure that. the Richard function provided



the better fit for tv¡o of the three data set.s. The Richard

function afso did better than the cubíc B - spline procedure

when the least squares fit was used. Figures 3.2 and 3.3

show cubic B - spLine and Richard functíon fits,
respectíveLy, for a set of moment-rotation dat.a that exhibit
a ì"ong post-yielding region. The error of approximation for
the cubic B - splíne fit is three tirnes larger t.han that for
the Richard function fit.. The error of approximation was

defined in terms of the residual of the data points rel-atl-ve

to the approxinating function. The procedure for computíng

the error of approximation is illustrated in Figure 3.4.

For a typical experimental- data point. i, the moment and

rotation residual-s reLative to the approximating function
were computed as follows:

r* = M1-M.i

r = 17,, -rA ,PI PCT

(3.1)

(3.21

where

Mi = experimental moment,

Mci= moment computed from approximating function,

Øi = experinental rotation, and

Ø.i= rotation computed from approximating function.
For comparisons on a normalized basís, the error of
approximation was comput.ed as foll-ows:

N^N
.f {t"t1-v^i ¡ 2 ttø¡-ø.t'¡2

Error of Approximation =
Mr2ø.2

(3.3)



M, and Øî al.e the moment and rotation ranges, respectively,
for the given data, and N is the number of data points. when

expressed in percent, the approximation error, as defj-ned.,

can be very large, thus conveying a faLse impression of
gross inaccuracy. Thus, it is emphasized that. the

approximation error is relevant only for purposes of
comparing Èhe relative accuracy of different models.

The Rarnberg-Osgood function is a three-parameter one

which is expressed in the form :

- -'r
ø M I lMln-l Ilr*l-l I r:.arøo Mol lMol IL _-J

where

n = shape parameter,

Mo = reference moment, and

Øo = reference rotation.
The cubic B - spl-ine curve-fitting procedure requires

that the range of connection rotations be divided into a

finite nuÍìber of smal-ler ranges, Then the cubic B - spline
routines are employed, in conjunction ra'it.h the experimental

data points and a l-ist of the ranges to determine the cubic

B - spline coefficients, to fít a curve to the data.

The Richard function expresses moment in terms of
roiation as follows:

(s-sp) Ø

(,.
(s-sp)Ø

M"ô

'.)','
s^øv (3.s)



where

S = initiaJ- slope or stiffness,
n = shape parameter,

Mo= reference monent, and

Sp: plastic modu.Ius.

The initial sJ.ope of the moment. - roLat. ion curve can

represented as:

M"o
øo

Equat.ion (3.5) has four

However, if Ø1 and M1r

point on the curve, are

(3'6)

parameters namely, S, Sp, Mo, and n.

the coordinates of the final data

us ed,

Ml. - Mo
q:-"p 

Ø1

Then, Equation (3.

parameters Sf Mo, a

By subst it.uti
rearranging, the

dimensionless form

t-
IM øI
I

Mo ønl I II 11 +lI\ I

LI
In the curve fitt.

(3.5) ínvol-ves only t.he three independent

, and n.

uting Equation (3.6) int.o Equation (3.5) and

he Richard function is expressed in
rm as:

1- SpØo

Mo
(3.8)*l

"']

least

tLI-
I

\Øo

ing

so\- ----lØ
Mo/

procedure

n \ l/n
)

using the squares



nethod, convergence was most rapid when the dimensionless

form of the Richard function was used. The dimensionLess

form of the Richard function is iltustrated in Figure 3.5

for a particuLar positive value of Sp and t.hree dÍfferent
val-ues of n. It. can be seen that the sharpness of the 'knee"
on the curve increases with an increase in n.

fn evaluating the modelling functions as described

above, the experimental- data used represent.ed connections in
which the columns did not contrÍbute to the overall
deformations of t.he connectj_ons. The function of choice, the

Richard function, and the other functions considered cannot

model- t.he steeply rísing portion of the moment-rotation

curve whích occurs after the bean and column flanges make

contact.. This is not a severe limitation however, since the
rotation values at which contact. is made Lie wefl beyond

service Ioad range.

3.3 STANDARDIZATION OF MODELLING F'UNCTIONS

Attiogbe, Morris and Onuah (1989) deveJ-oped a muJ_tipte

regression analysis procedure to standardize the Richard

funct i on .

Richard functíon parameters, Øo, Mo , n and. Sp, are

assumed to be related to the connectíon size parameters as

fol-Iows:
mmmm

øo =TJqtuj; uo =flcioj,'=TJot"t; so =flcidi (3.e)
j=l j=i j=l j=1



In Equation (3.9) , m is the number of connection size
parameters, qj is the jth size parameter, and aj, bi, ci
and di are exponents which indicate the effect of the jth
size parameter. Takíng Logarithms of boLh sides of Equation

(3.9) yields:

Iog Øo = allogql + a2Iogq2 + a3togq3 +

1o9 Mo = bllogql + b2]-ogq2 + b31ogq3 +

+ aml-ogqm

log n = c1Iogq1 + czloqq2 + calogq3 +

b^logq*

(3.1-0)

c*I ogq*

Iog Sp = dllogql + d2Logq.2 + d3logq3 + + dmJ-ogqm

Multipl-e regression analysis is applied to Equation (3.10)

to obtain the coefficients aj, bi, "j, and di . These

coefficients are the exponents required in Equation (3.9) ,

Once the exponents have been obtained, the Richard function
parameters are computed using Equation (3.9).

In this latter standardization procedure, aII available
test data for a given connection type can be used. This

makes the procedure more generaf than that used by prevíous

investigators, where only a fimited number of the available
sets of test data could be used.

The procedure developed by Àttiogbe, Morris and Onuah

(1989) is used in this study. The results for double web



angle connecLions are presented in chapter 6.
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CHAPTER 4

EXPERIMENTAL PROGRAM

4.1 GENERAL

The purpose of t.he experimental program was to eval-uate

the moment-rotation behavLour of bolted beam-to-coÌumn

double web angle connections and to determine the effect on

that behaviour of the pertinent geometric parameters for
that connection type.

4.2 TEST SPECIMENS

Twenty specimens, designated LA, LB, 2, 3, 19, as

indicated in Table 4.I, were tested. The geometry and

loading of a typicaf test specimen are il-l-ustrated in Figure

4,1-. The test specimen arrangement consisted of t\,ro beam

segments (EAST and WEST as shown in Figure 4.L), which were

attached to the flanges of a column stub by pairs of bolted
web angl-es. The boÌt diameter was 3/4 in. (19.05 mm) . ASTM

.A'325 bolts vrere used for alL specimens except 6 and 6A,

which employed ASTM 430? bolts.
The beam span lengt.hs were chosen so as to keep the

span-to-depth ratio the same for all of the test specimens,

Each beam segment was used in two tests, once with one end

connect.ed to the coÌumn and once with the ot.her end so

connected. Cap plates were wefded to the top and bottom of
alf cofumn stubs. Tabl-e 4,1 summarizes the member sizes and

dimensions of the test specimens. The pertinent connection

size parameters are defined in Figure 4.2, The test



specimens were designed to permit the evaLuation of the

effect of each primary variabfe on the moment-rotation

behaviour of the connection, The primary variables in the

study were the angle thickness, t, the gauge on the column,

g, the number of bolts per angle Ieg, b, and the beam depth,

d. All of the connections tested ín this study had only one

vertÍcal l-ine of bolts per angle leg. Figure 4.3 shows the

ranges of the primary variabl-es incorporated into the test
specimens.

AlI beam and column sections and all connection ang.Les

conformed to CSA G40.21-M grade 300W. The required bolt
holes were dríll-ed at both ends of each beam segment príor

to de.Iivery, and were 1,/1,6 in. (2 mm) .Larger than the

nominal bolt. diameter. The specimens were assembled in the

sLructures laboratory at the University of Manítoba.

The assembly of the test specimens consisted of

attaching a pair of beam sect.ions to a centrall-y posit.ioned

coLumn stub using the particular double web angfes to be

investigated in a given test. The web angLes were bolted to

the flanges of the column stub and to the webs of the beans.

The boLts were used ín the "as received" condition. They

vrere instafled with the nuts and washers to the inside of

the colunn flange, and finger tightened. After the specimen

was assembled, extra care was taken to attain proper

alignment of the connection components before final
torqueing l^¡as done with a spud wrench. The " turn-of-nut "

method was used to tight.en the Ã,325 hígh strength bolts



1¡hereas the " full effort of a man " was used to tighten
the A'30? common bolt.s. These practices conform to the

rcommendations outlined in clauses 21.2 and 22.5.1 of CSA

specification CAN3-Sl-6.1-M84 (1-984).

To prevent possible torsional displacements at the beam

supports, wefded-plate angLes as shown in figure 4.4, were

bofted to the ends of the beam segments through pairs of
100xL00xL6 mm angles. The sizes of the two plates used to
fabricate the welded-plate angles were 250x750x25 mm and

250x380x25 nn. The fasteners lrere 3/4 in. (19.05 mm)

diameter, three-inch ('16.20 mrn ) l-ong 4325 hiqh strength

bo1ts. Slotted hofes at a pitch of 80 mn were used in the

250x750x25 mm plates to facilitate the use of the wetded-

plate angles in all- tests,
A previous study (Munse, BeIl and Chesson L959) showed

that the deformations of the column fl-ange and web can

contribute significantly to the total rotational- deformation

of a connection. In this study, to exclude the contribution
of the column deformations from the totat Joint rotations,
heavy sections, W250x89 and W250x10L, were used in nineteen

of the tests. A lighter section, w250x49, was used in
specimen 4 in order to study the effect of using a col-umn

wíth a sma1J- fJ-ange thickness. A total of eight coJ-umn stubs

were used. Each of the heavy sections was reused until there

was some evídence of flange deformation.

The clearances between the beam and column flanges were

measured in each test. VaIues of these clearances ranged
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from 8 run to 14 mm. A cLearance of 10 mrn is calLed for by

the Canadían Standards Associatj.on (CSA 1984) specificat.ion.

4.3 LOADING APPARATUS AND INSTRUMENTATION

As illustrated in Figure 4.5, a 2670 kN (600 kip)

capacíty Universal Testing Machine, Baldwin 600 XWHV - 1010

model- with servo-cont rol Led and hydraulically actuaL.ed ram,

was used to appl-y Ioad to the column stubs of the test
specimens. The X-Y recorder of the testing machine was used

to obtain l-oad-displacement records for aLL tesUs.

Nine LVDTS were installed at various locations, as

shown in Figure 4.6, in order to monitor the vertical and

horizontal deformat.íons in the connections. Three of the

LvDTs, numbers 6, 7 and 9, were used to monitor the vertical
deflect,ion of the col-umn stub. Four others, numbers 1,3,5

and 8 measured the horizontaL displacements of the beam

fLanges relative to the column faces. The renainíng two,

numbers 2 and 4, vrere used to measure the vertical
displacements of the top flanges of the beams at the

connections relatíve to the column stub. The positioning of
LVDT number 9, on the centre line of the column stub, is
illustrated in Figure 4.7.

Eight dial gauges, as i]lustrated in Figure 4.8, were

used to measure boft slip during l-oading. Four of then,

numbers 1 and 2 in the figure and the corresponding ones on

the opposite side of the specimen, measured the sl-ip between

the column fÌanges and the column Legs of the angles, and



the remaining four, numbers 3 and 4 and those symmetricatty

opposite them, measured the sIíps between the beam legs of
the angles and t.he beam webs. Two of the dial gauges that
were used to measure the slip between the column leg and the

column flange, and that between the beam leg and the beam

web, are shown in Figure 4.7.

Small brackets which $¿ere welded to the fl-anges of the

col-umn stub and the beam segments, were used to support the

LVDTS. Al-so, smalL netaÌ plates with holes, which were

weLded to the under side of the top flanges of the beam

segments, provÍded supports for the diaJ- gauges that were

used to measure the slip between the angfe legs and the beam

webs. The small plate which supported one of the dial gauges

is shown in Figure 4.7. Smal-l- screws which were wetded along

t.he thickness of the column fl-anges, provided anchorage for
the diaL gauges that v¡ere used to measure the slip between

the fl-anges of the column stub and the colunn Legs of the

angLes,

4,4 TESTING PROCEDURE

The support arrangement for a typicaL test specimen is
shown in Figure 4.9. The assembl"ed specimen was mounted on

rocker supports which were cfanped to the flange of a

heavily stiffened girder. The whoÌe assembly was placed in
the testing nachine. To minimize the effect of friction
between the t.wo steel plates at each support, th'o pieces of
teflon were placed between them, as il-Ìustrated Eígure 4.9.



A final check of the specinen aÌígnnent in the testing
machine was performed to ensure that the span .Lengths were

correct,

The specimen e¡as white-r^'ashed at the connection in
order to permit observation of yietd patterns. Then the

diaì- gauges and the LVDTS v¡ere placed in their appropriate

Locations. The LVDTS were connected co the data acquisitÍon
system, adjusted to uLilíze their ful-f traveì-, and then

initiaLízed to zel:o. The data acquisiL.ion system was

equipped with an Epson LX-80 printer. LVDT readings were

taken at two-second intervals and were stored on the hard

disk unit of the data acquisition system. The dial gauges

were al-so adjusted and their initial readings were taken,

The X-Y recorder of the testing machine was set to the

desired scales. The same scales were used for al- l_ tests.
All specimens except for nurnbers 5 and 6A were

subjected to static (monotonic) toading only, The specimens

were l-oaded continuously at an init.íal rate of about. 6.0 mm

per minute. Thís rate coutd not be naintained throughout the

test since the UniversaL Testing Machine is not. equipped,

with a stroke controller. Each test was terminated shortly
after contact was made betv/een the column flange and the

beam compression f l-ange on one or both sides of the col-umn

stub. The maxinum values of rotation and vertical defl-ection
attained in each test were at least 0.035 radians and g0 mm,

respectively. Before unloading the specimen, the maximum

load attained was held constant whil-e the dial gauges vrere



read. LVDT readings were also taken during the unloading

portion of the tests.
Specimens 5 and 6A were subjected to four cycles of

loading and unloading, as shown in Table 4.l-. Specimen 5

employed 4325 high strength bolts while specimen 6A had 4307

common bolts, Initiall-y, l-oad was applíed untÍL the column

stub had experienced a vertical deflection of 20 run. The

l-oad r^ras then reduced Ëo zero and the specimen was reloaded

until a new 20 mm vertlcal deflectlon of the column stub $¡as

attained. The process of loadíng and unloading $¡as carried
through four cycles.

The average duration of tesE for the specimens

subjected to monotonic loading was 40 minutes while that for
the specimens subjected t.o repeated loading was 50 minutes,



Specimen
number

TABLE 4. 1 : TEST SPECIIlEN DltlENSt0NS.

2
3
4
5*
6
6A*
7
I
9
t0
1t

14

t8
f9

Be¿m
section

v460x82
\r'460X82
v460x82
v460x82
\146OX82

v460x82
!/460X82
v460x82
v460x82
\t 460x82
\r310x52
\r'3 t 0x52
v3l ox52
v460x82
v460x82
rr'460x82
v460x82
,/6 t oxt 0l
r/6 I 0Xl Ol
/610Xf Or

Column
scction

t/250x I 01
!/250Xt O t
\t250xt 0 t
!/250X t 0t
v250x49
v2s0xt 0 t
t/250xt 0t
v250xt o I
v250xr o t
rf/2sOxl0l
v250xt 0 t
v250xt ot
\/250Xr 0 t
w250xt 0 |
v250x89
!/250X89
v250x89
v250x89
v250x89
\r/25OX89

Anglc
length
I (mm)

390
390
390
390
390
390
390
390
390
390
230
230
230
230
230
230
3t0
390
470
470

Angle
size

(mm)

I 00x I 00xt 0
I 00x r 00xt 0
100xt 00x8
I OOX| OoXt 2
t 00xt 00xt 0
f 00xt 00xt 0
I 00xt 00xt 0
t 00xt 00xt 0
t 00x90xt 0
t 00x75xt 0
t 00xt ooxt 0
t 00xt 00x8
I 00xt ooxt 2
l00xt 00xt 0
I OoXr 00x8
t 00xt oox t 2
r 00xr ooxt 0
I OoXt OOXt 0
I OOXt 00X8
I OoXt OOXt 2

Height
of col.
'l (mm)

Anglc
thickness

(mm)

I
I
I
I
6i
I
I
I
8'
8'
8'
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FIGURE 4.3: TtST DETAI LS.

Angle Rows
length of boìfs
ì (mm)

470 6

390 5

3t 0 4

250

t0 12

Angìe lhickness, t (mm)

Bolts: 3/4 in. (19.05 mm) ASTM A325 ¿nd 4307.

Be¿msizes: O = VglOX52; O=V46OX82; O=V6tOXrot.
Gåuge on beåm, gl = 65 mm.

Gauge on coìumn, I = 140 mm, except ås noted *.
* - 2 specimens, 9 = 100 mm ånd 130 mm.

Column sizes: V25OXlOl and V250X89 excepl @ with size ofV25OX49

NOTt: The numbers vithin the grid ore the test specimen numbers.
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Figure 4.4: Wel-ded-pl-ate .A¡gte Fastened
End of the Beam Segment..

to the



Figure 4 .5: Test Set-Up.



C - LVDTs

Figure 4.6: Locations of LvDTs.
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Figure 4.7: LVDT on the Centre Line of Cofumn
Stub and two Dial Gauges on t.he
Co1umn Fl-ange and Beam Web,



D - OI^L GAUGE'

Figure 4.8: Locations of Dial Gauges.



Figure 4 ,9: Support Arrangement,



CHAPTER 5

TEST RESULTS AND DISCUSSIONS

5.1 GENERAL

In this chapt.er, the test resul-ts are presented in
tabul-ar and graphicafi form. The genera]. behaviour, common to
all specimens, is described, Then the behaviour under test
of each specimen in turn is discussed, Fina1ly, comparisons

are drawn among specimens, and the effects of the
significant connection parameters are discussed,

5.2 GENERAL SPECIMEN BEHAVIOUR

In the discussion which folIows, the term tension
region is used to describe that portion of the connection in
which t.he beam is pulling away fron the coLumn flange. The

compression region is that area where t.he beam is displacing
toward the column flange. The legs of the connecting angles

t.hat are bolted to the column f]ange are referred to as the

"col-umn J-egs" and those that are bolted to the beam web are

referred to as the "beam legs".
Data on the behaviour of aj.t of the test specimens are

summarized in Table 5.1. The data include the initial slope

of the moment-rotation curve (obtained graphically from the
momenL.-rotation pLots), the applied moment corresponding to
a rotat.ion of 0.024 radians, the maximum moment sustained,
the maximum rotation sustained, and t.he mode of failure. The

rotat.ion of 0.024 radians is the maximum allowable for semi-

rigid connections, according to North Àmerican steel design



specifications (Canadian Standards Association 1.984,

American InstiEut.e of Steel Construction 1983).

The connection moments v¡ere calcul-ated by multiplying
the span length by one-ha1f of the applied load, on the

assumption that the applied Load was distributed equalLy to
the two beam supports. The rotations were calculated twice.
In the fÌrst method, the relative horízontal displacenents

between the top and bottom beam flanges and the co.Iumn

f]-ange were summed and divided by the beam depth to gíve a

measure of the rotational deformation in the connection. The

second method employed the vertical dispÌacements of the

column stub, and the slope-deflection procedure employed by

Ostrander (1970) and derived in Appendix A. The method gives

the foLJ.owing equation for rotation as a funct.íon of
deffection and appfied load.

or2
(s.1)

6EI

w.here

ø = connection rotat ion,

A = vertical deflect ion,

L = span length,

P = applied load.

E = moduLus of el"ast.icity, and

I = second moment of area of the beam

about its bending axis.

Aø=-
L



In the application of Equation (S. L) , the 1oad vaLues

corresponding to the occurrence of major boft sl-ip and to
Lhe contact between the beam and. col-umn flanges were not
used.

The moment-rolation (t'I-ø\ curves, computed fron
horizontal- displacement measuremenLs, for all_ test specimens

are presented in fígures 5.L through 5.20 for the two sides,
east and west, of the column stub. The cLose match between

the curves for east and west is the resuLt of the good

agreement that was observed between the rotation vaLues for
the th'o sides. This suggests that the assumption of equal

Ioad dístribution to the beam support.s, used in calculating
the monents, is justi fied.

Figures 5.21 and 5.22 each show tr^/o moment-rotation

diagrams, one of which uses rotations computed from

horizontal displacement measurements, as described above,

the other of which uses rotations conputed from vertical
displacement measurements. The diagrarns in Figure 5.21 are

for Specimen l-B and those in Figure 5.22 are for Specimen

10. In both cases, the very good agreement between the
curves is apparent. Comparisons showing si¡niIar good

agreement between the two types of curves for the remaining
test specimens are presented in Appendix B. Subsequent

discussions and analysis invo.lving the experimental moment-

rotation curves are based on the curves computed from

vertical displ-acement measurenents.



Load-deflectíon curves obtained using three vertical
LVDTS located on the centre Llne and belov¡ the two flanges
of the stub column for Specimen 18 are shown in Figure 5.23,
The curves are plotted up to the ful j- travel of LVDTS 6 and

7, which were located beneath the column flanges. LVDT 9,

which was located on the centre l-ine of the cofumn stub, had

a larger travel. The three curves are virtual_ty identical,
indicating that t.here was very tittle roÈation of the column

during loading.

In aLL tests, relative rotational displacement, as

illustrated in Figure 5.24, was observed between the beam

Iegs of the connectíng angles and the beam webs. After
testing and dismantting of the test specimens, it vras

observed that the bolts in the tension region had

experienced large shearing deformation. This is iltustrated
in Figures 5.25 and 5.26, $rhich show A325 bolts and A307

bo1ts, respect.ivel-y, removed from tv¡o of the test specimens.

AII of the test specÍmens exhibited yielding afong the
boLt lines of the column legs of the angj.es, in the tension
region. It is evident ín Fígure 5.2j. The yielding was due

to "prying action" in the column ]egsf restrained by the
column fl-ange bolts, as illustrated in Figure 5.28. Neither
the col-umn web nor the col_umn fl_anges showed evidence of
yielding, except in Specimen 4, the specimen which involved
a light column section.

Vertical, movements of the angle legs relative to the
column fLange and to the beam webs, which are usuatly



referred to as boLt slip, are surnmarized. in Tabl-e 5.2. These

data on boJ,t slip were recorded at the end of each test.
Figures 5.29 and 5.30 show typíca] plots of applied

load versus vertícal- displacement of the column stub. The

sharp drops in load on the curve in Figure 5,30, represent

occurrences of bol-t slíp. The increase in sJ.ope at the end

of the curves occurred when the beam compression flanges
came into contact with the column flanges. Major slip of the

bolts was accompanied by a loud noise.

In aL1 tests, relative horizontal- displacements

occurred bete¡een the boÈtorn beam flanges and the supports.

For each test, the displ-acements were nearfy the same for
the beam segments on either side of the col-umn stub. This

was further índication that there was lit.tle rotation of the

col-umn during the loading of the specimens.

Most. of the t.est specimens exhibited good ductilíty.
However, the ductil-ity of those specimens with A30T bolts
vras only about 62 percent. of that of the specimens with A325

boLts. Figure 5.31 shows 4325 and A3O7 bolts t.hat

experienced shear fai.lure during t.he tests. Al1 bolt
failures were accompanied by a foud noise. Figure 5.32 shows

a typicaL specimen after testing. Flexure of the angles was

the prímary source of fai.Lure.

The behaviour of individual t.est specimens is described

below.



SPECIMEN 1A: During the test, major stip of rhe

bolts occurred at moment values of approximately 60 and ?g

kN-m. This is evident in Figure 5.1, After testing, the
reLative horizonta.L displacements between the bott.om flanges
of the beams and the supports were 2? mm at t.he east end and.

28 mm at the west end of the beam. yielding of the beam web

was observed adjacent to the second bolt hole in the
compression region (the second bolt from the t.op of the
connecting angles) . The yield pattern indicated príncipal
compression strains at 45 degrees to the horizontal.
YieLding was observed also around the second and third boÌt
hol-es in beam legs of the connecting angles. Two bolts in
the tension region experienced high shearing deformation.
The bolt holes were deformed to an oval shape. Major prying
action of the ang.J-es in the tension region was observed.

Faílure of the test specimen was due to yielding of the
angles.

SPECIMEN 18: As is itJ_ustrated in Figure S.2, Lhe test
specimen did not show evidence of bolt slip during the test.
Yielding was observed in the beam web adjacent to the first
bol-t hoJ-e in the compression region. yielding occurred al-ong

boÌt l-ínes Ín the column J-egs of the connecting angles in
the tension region. pryíng action of the angles in the
tension region was observed, The specímen failed by yielding
of the angfes.
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SPECIMEN 2: t,ta jor bolt s1íp occurred at moments of
approximateJ.y 68 and 98 kN-m as shown in Figure S,3.

YieJ.ding was not evident ín the beâm web, The angì-es showed

evídence of yielding al-ong the bolt lines in the column ]egs

of the connecting angJ.es. prying action of the angles, j.n

t.he tension regíon, r¡¡as observed. Very Ìarge rotational-
disp]-acement betv¡een the beam Ìegs of the angles and the
beam webs was observed. The relative horizontal
displacements betv¡een the bottom flanges of the beans, and

the supports, were 30 and 28 mm at the east and west

supports, respective.ly. The failure of the specimen was due

to prying action in the angles.

SPECIMEN 3: No evidence of angle yielding was observed.

Hov¡ever, slip was evident between the beam web and the beam

legs of the connecting angles in the tension region. It can

be observed in Figure 5.4 that no sudden slip occurred

during the test. Tr.ro beam-r^¡eb boÌts from the tensÍon
region of the east beam segment, sheared off mid-way through

the test. The horizontal displacemenLs of the bot.tom fl-anges

of the beams relative to t.he supports were 20 and 25 mm at
the east and west ends, respectively. The specimen failed by

shearing of bolts in the tension region.

SPECIMEN 4: t'la jor boJ"L slip occurred at a moment of g5

kN-m, as illustrated in Eígure 5.5. The co.lumn experienced

Large flange and web deformation, as can be seen in Figure



50

5.33. Two of the dial guages used to measure the flange
deformatj.on went off range ,during the test. yielding was

observed around the boIt. holes in the column legs of the
connecting angLes, and al-so around the bolt holes ín the
column flange. Yieldlng was observed on the interior surface
of the column fJ.ange. Failure was due to extensive yielding
of the angles, the col-umn web and the co]umn flange.

SPECIMEN 5: The test specimen was subjected to four
cycles of loading and unloading. It can be observed from

Figure 5.6 t.hat the st.iffness (the sfope of the moment-

rotation curve) on un.Load.ing and reloading was approximatel-y

equal to the inítial stiffness. Bol-t stip occurred. at
noments of 65 and 95 kN-m. yielding occurred in the beam web

adjacent to t.he second bolt in the compression region.
Yieldíng of the connecting angles was not evident. The

specimen failed by large bolt deformation in the t.ension
region.

SPECIMEN 6: This specimen was assembled with A30Z

bolts. As is evident Ín Figure 5.7, bolt slip occurred at a

moment of 75 kN-m. There was no apparent yielding of the
beam web or the connection ang.les. Two beam-web bolts ín
the tension region, and one in the compression region, of
t.he connection on the east side, sheared off. There lvas

farge rotat.ional displacement between the beam legs of the



angLes and the beam webs. Failure vras due mainly to the

shearing off of the beam-web bolts.

SPECIMEN 6A: The specímen was assembled with A3O? botts
and was l-oaded through four cycles of loading and unloading.

As il-lustrated in Figure 5.8, the unloading and rel-oading

connection st.iffnesses were virtuaJ.Ìy identicat, through

three cycles, to the initial- stiffness. In the final cycle,
the stlffness dectined sIightly. No bolt slip occurred

during the t.est. There was no evidence of connection angle

deformation. Hov¡ever, there was large shearing deformation

of the bol-ts. Two bo.Lts from the tension region on the west

side of the specimen sheared off during testing. The

specimen failed because of high shearing deforrnation in the

beam-web bolts in the tension region.

SPECIMEN 7: As can be observed in Figure 5.9, bolt
s.Iip was not evident. The beam web did not show evidence of
yielding, but the column legs of the connecting angl-es

yielded along the bol-t Ìines. Some prying actíon of the
angles was observed. The yielding of the connection angfes

was the main source of failure.

SPECIMEN 8: Minor bolt slip occurred at moments of 43

and L40 kN-m, as is illustrated in Figure 5,1-0. The beam

legs of the connecting ang.Ies experienced. visible
deformat.ion in the tension regíon. Large rotationaÌ



displacement of the beam legs of the angles reÌative to the
beam web was observed. The column legs showed no evidence of
yíeIding. Large shearing deformat.Íon occurred in the bolts
in the t.ension region. Faílure was attributed to the
shearing of the bol-t.s in the tension region.

SPECIMEN 9: Major bolt slip was observed at moments

betv¡een 23 and 35 kN-m, as ill-ustrated in Figure 5.11,
Yielding was observed in the beam $reb adjacent to the first
bolt in the compression region. The angLes devefoped prying
action ln the tension region. The specimen faíled by

yielding of the angLes.

SPECIMEN 10¡ The test specimen showed no evid.ence of
bolt slip. The moment-rotation plot for the specimen is
shown 1n Figure 5.L2. One yiel-d ]ine, at 45 degrees to the
horizontal axis of the beam segment, appeared on the beam

web adjacent to t.he first boLt in the compression region of
the east beam segrnent. The angles did not show evidence of
yielding al-ong the boft lines on the beam legs, but prying
action of the angles was evident. Ín the tension region.
Yielding of the angÌes was the major source of failure.

SPECIMEN 1l: Às iÌfustrated ìn FÍgure 5.13, no sudden

bolt. slip occurred. vielding of the beam web was observed

adjacent to the fírst bolt in the compression region.
Neither the cofumn legs, no¡ the beam legs of the



connecting angles showed evidence of yielding. Failure of
the specimen was due t.o bolt shear in the tenslon regfon.

SPECIMEN 12: A malfunction of the testing machine

occurred during the initial period of loading. However, as

evident from the moment-rotation curve in Figure 5.14, major

bolt slip occurred at four different moment levels between

20 and 38 kN-m. YÍeJ.ding was observed in the beam web

adjacent to the first bolt ín the cornpression region. The

beam J-egs of the connecting angles showed no evidence of
yielding, but the coLumn J-egs yielded aLong the bol-t l_ine.

Prying action of the angl-es in the tension region was

observed. The specimen failed by t.he yielding of the

connection angles.

SPECIMEN 13: es illustrated in Figure 5.15, bolt sfip
occurred t.wice, at nonents between 20 and 25 kN-n. The

bean legs of the angLes showed no evidence of yíe1ding.

However, yielding was observed in the column l-egs of the
angles. Prying action of the angl-es occurred. in the tension
region. The connection faíled by the yíelding of the angles

in the tension region.

SPECIMEN 14: As can be seen from Figure 5.16, bolt
slip was not evident during t.he test. yielding occurred in
the beam web adjacent to the first bolt in the compression

region. There was subsCantial rotationaf displacement



betv¡een the beam legs of the angles and the beam webs. The

angles showed no evidence of yieJ.ding. The connection
faiLure was due to the shearing of bofL.s in the tension
regi on .

SPECIMEN 15: Major bolt slip occurred at moments

beËween 42 and 62 kN-m, Minor slip was observed. at monents

greater than 62 kN-m, These observations are illustrated in
Figure 5.17. Yiel-ding was observed. along the bolt ]ines in
both the beam legs and coLumn legs of the connecting angles.
Prying actìon of the angLes in the tension region was

observed. The portion of the beam web adjacent to the first
bolt in the compression region showed evidence of yíelding.
The connection failed by yielding of the connection angles.

SPECIMEN 16: Major bolt slip occurred at moments of 53

and 90 kN-rn. This is evident from the moment-rotation curve

in Figure 5.18. The beam web dj-d not show evid.ence of
yielding. However, some yielding was observed along the
bolt l-ines in both the beam and column legs of the angles.
Pryíng action occurred in t.he tensíon region. Failure was

due to a combination of yielding of the ang.Les and shearing
deformation of bolts in the tension region.

SPECIMEN 18: As iIl-ustrated in Figure 5.L9, bott slip
was not evident. As welI, no yieJ-ding of t.he connection

angles was observed. SmaLI rotationa.L dispÌacement was
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observed between the beam legs and the beam webs. Failure
was due to the shearing deformation of the beam-web bolts in
the tension region.

SPECIMEN 19: As sho$¡n in Fígure 5,20, no bolt stip v¡as

evident. No evidence of yieldíng was observed, either in the

connection angl-es or in the beam web, Rotational
dÍsplacement. ¡^ra s observed between the beam Legs and the beam

webs. The first two bolts in the tension region of the

connect j-on on the east side sheared off, as illustrated in
Figure 5.34. Shearing of bol-ts was the primary cause of
failure.

5.3 EF'FECTS OF CONNECTION PARAMETERS

The effects of the pertinent connect.ion parameters are

discussed in turn,

5.3.1 BEAM DEPTH

Specimens L0 and L3, 11 and i-4, 9 and L2, and LB and

L6, were used to determine the effects of beam dept.h on the
moment-rotation behaviour, The two specimens of each pair
were simiJ-ar except for their beam sections,

Specimens 10 and 13 had W310X52 and w46OxB2 beam

sections, respectively. Both had I mm thick anqles. Eigure

5.35 shows the moment-rotation curves for the two specimens.

From Table 5.1, it can be observed that the ínÍtial slope,

the moment at 0.024 radians, the maximun moment and the



maximum rotatl-on sustained by the Specimen 10 connections

were 2,450, 20,9, 35.2 and 0.092, respectlvely. Specimen 13

connectíons had 2,780, l-9.6, 21 .4 and 0.0?7 for the initiat
stiffness, the moment at 0.024 rad.ians, the maximum moment

and the maxímum rotation. The initial stiffness ând the
moment capaclty for the two specimens ¡,rere not signlflcant.ly
affected by variation in the beam depth. The maximum

rotation for the Specimen 10 connections was Lg percent.

higher than that for Specímen j.3. The degradation in the
maximum rotation for the Specì.men L3 connections was

probably due to the occurrence of major sJ-ip. The moments at
a rotat.ion of 0.024 radians were approxirnately the same for
the two specimens.

Specimens 9 and 12 had W310X52 and W460X82 beam

sections, respectivefy. Both specimens had L0 mm thick
angles. Due to a temporary nalfunction of the testing
machíne, the initiaf stiffness was not determined for the
connectÍons of Specimen L2, As a result, a detailed
comparison of Specimens 9 and 12 was not possibÌe. However,

they both sustained a moment of 26 kN-m at a rotation of
0.024 radians.

Specimen 16 had a W610X101 beam section, while Specimen

18 empJ-oyed a W460X82. Both had 10 mm thick angles. Figure

5.36 shows the moment-rotation curves for Specinens 1B and

1"6. It can be observed in Table 5. 1 that the initial
sl.if fnessf the moment al 0.024 radians, the maximum moment

and the maximum rotation sustained. by the connections of



Specimen l-6 were 20,890, 78,2, 110.9 and 0,06j,
respectively. The corresponding vaLues for the connections

of Specimen 18 were 11,000, j8.2, L24.L and 0.076. The

Specimen 16 connections had slightly larger initial
stiffness. However, the Specimen l-B connections sustained
Larger moment. capacit.y and l_arger rnaximum rotation. The

moment-rotation behaviour was not significantly affected by

the change in depth. For both specimens, a moment of 7g.0

kN-m produced a rotation of 0.024 radians.

Specimens 11 and 1-4 had w3L0X52 and W46OX}2 beam

sect.ions, respectively. Both specimens had L2 rnm thick
angles. Figure 5.37 shows the moment-rotation curves for the
two, It can be observed in Table 5.1, that the initial
slope, the maximum moment, the maximum rotatíon, and the
moment aL 0.024 radians, were larger for the connections of
Specimen 14 than for those of Specimen t-1. Specifically, the
connections of Specímen L4 had a 10 percent larger initial
stiffness, and a 50 percent l-arger moment at a rotation of
0.024 radíans, The lnitial- stiffness and the moment.- rot at. ion
were not significantly affected by the change ín the beam

depth. The maximum rotation for the Specimen L4 connect.ions

was 8 percent higher than that for Specimen 11.

In summaryf the infl-uence of beam depth on the moment-

rotation behaviour of the connection wâs negligible fo¡
those connections wíth I and l-0 mm thick angles. For the
connections with L2 mm thick angles/ the connection
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stiffness and moment resistance both increased with an

increase in beam depth.

5.3.2 ANGLE THICKNESS

Specimens 13 and L4, L0 and LL, i.B, 2 and 3, and LB and

L9, were used to determine the infl-uence of the angle

thickness on the moment -rotat j. on behaviour. The specimens in
each group were similar except for their angle thickness.

Specímens 13 and L4 had I and L2 mrn thick angtes,

respectively. Both had three bolts per angle leg. The

moment-rotation curves for SpecÍmens L3 and L4 are shown in
Figure 5.38. The inítiaI stiffness, the moment at 0.024

radians, the maximum moment and the maximum rotation for the

Specinen 14 connections, as shown in TabJ-e 5.1- were 5,760,

43.0, 57.7 and 0.068, respectively. The correspondÍng val-ues

for the Specimèn 13 connections were 2,780, 1,9.6t 27.4 a d
0.0'17. It can be observed in Table 5.1 that the initial
stiffness for the Specimen L4 connections was L0? percent

larger than that for Specimen l-3. The nornent resistance of
the connections of Specimen L4 at a rotation of 0,024

radians was 120 percent l-arger than that for Specimen 13.

The maximum rotation was 12 percent smaller than that for
Specimen 13. The moment-rotation behaviour was significantly
affected by the increase in angle thickness.

Specimens 10 and 11 had B and 12 mm thick angles/

respectiveJ.y. The Lwo specimens had three vertical botts per

angle Ieg, The moment - rot at. ion curves for Specimens 10 and



11 are shown in Fígure 5.39. The initial stiffness, the
moment at 0.024 radians, E.he maximum moment and the maximum

rotation for the Specírnen lL connectíons, as shown in Table

5.1, were 3,240, 28.7,4L.1 and 0.063, respectively. Those

for the Specimen L0 connections were 2,ASO, 20.9, 35.2 and

0.092. Thus, t.he Specimen 1l- connections were stiffer than

those for Specimen 10 by 32 percent. The maximum rotation
sustained by the Specimen 11 connections was, however,

smal-Ier than that for the Specimen L0 ones by 31- percent.

Specimen l-L connections had 38 percent larger moment at a

rotation of 0.024 radians. The noment-rotation behaviour was

significant.Ìy affected by the change in t.he angle thickness.
Specimens 2, 1"8 and 3 had 8, 10 and 12 mm thick angJ.es,

respectj.vel-y. AIL of the specimens had five bolts per angLe

Ìeg. The moment - rot.at ion curves for the three specinens are

shown j.n Figure 5.40. The initial stiffness, the moment at
0.024 radíans, the maximum momenÈ and the maxímum rotation
for the Specimen 18 connections as shown in Table 5.1 ¡,¡ere

l-1,000, 78.2, 1"24.L and 0.076, respectively. The

corresponding values for the Specimen 3 connections v¡ere

14,280, 95,8, L26,L and 0.055. It can be seen that the
initial- stiffnesses for the connections of Specimen 3 were

85 and 30 percent higher than those for Specimens 2 and 18,

respectively. The moment al 0.024 radians for the Specimen 3

conneccions was 36 and 23 percent higher t.han those for
Specimens 2 and IB, respectively. The moment-rotation

behaviour was significantÌy affected by the change in angfe



thíckness.

Specimens 1B and 19 had I and 12 mm t.hick angles,
respectively. Both specímens had six bo.Its in a vertical
J-íne per angle ]eg. Figure 5.41 shows the moment-rotation

curves for the two specimens. The initiat stiffness, the
moment at 0.024 radians, the ¡naxi¡num moment and the maximum

rotation for the Specimen L9 connections, as shovrn in Tab]e

5.i., were 1,8,520, I52.5, 174.6 and 0.035, respectively. The

corresponding vaLues for the Specimen j-A connections were

20,77'7 , 100,4, 130.3 and 0.041. It can be seen therefore
that the Specimen l-9 connections had approximately the same

initiaL stiffness as those for Specimen 1g, and 52 percent

Iarger moment resistance corresponding to a rotation of
0.024 radians. The maximum moment sustained by the Specimen

l-9 connections was 34 percent larger than that for Specimen

18. The inítiaI stiffness was not significantty affected.
However, a significant effect in t.he inelastic regíon of the
moment-rotation curve v¡as observed.

In summary, increasing the angle thickness j-ncreased.

both lhe stiffness and the maximum moment sustained. by the
connection. The effect of the angle thickness on the moment_

rotation behaviour was most pronounced when a thick angle
was used in conjunction with a deep beam.

5.3.3 NUMBER OF BOLTS

Specinens 13 and 2, 18 and 15, and 3 and L4, were used

to study the effect of the number of botts per angle feg on



the noment-rotatÍon behaviour. The tv¿o specímens of each

pair were similar except for the number of bolts ln a

vertical- line per angle leg.

Specimens 13 and 2 had three and five bolts per angl-e

leg, respectively, ín a vertical row. Both specimens had g

nm thick angles. Figure 5,42 shor,¡s the moment-rotation

curves for the two specimens. The initial stiffness, the
moment aE 0.024 radians, the maximum moment and the maximum

rotation for the Specimen 2 connections, as shown in Table

5.1, were 7,'110, '10.4, L06.5 and 0.0?3, respectively. Those

for the Specimen l-3 connections were 2,j80t 19.6, 2'1 .4 and,

0 ,017 , respectively. It can be seen therefore that the
Specimen 2 connections were stiffer than those for Specimen

l-3 by L77 percent. Hovrever, t.he SpecÍmen 13 connections

demonstrated slight.ly greater ductility. The initial
stiffness, the maxímum moment sustaj-ned and the moment-

rotation behaviour were significantl_y affect.ed by the change

in the number of botts per angle 1eg.

Specimens LB and 15 had fíve and four bolts per angte

leg, respectiveJ-y. Both specimens had 10 mm thíck angles.
Figure 5.43 shows t.he moment-rotation curves for the two

specimens. The initial stíffness, the moment at O .024

radians, the maximum moment and the maximum rotation for the
Specimen l-B connections, as shown in Table 5.1, were 11,000,
'18,2, ),2A.1, and 0.076, respectively. The corresponding

values for the Specimen 15 connections v¡ere L0,650, 52.8,

94.B and 0.080. It can be seen therefore that the SpecÍmen



i-B connections sustained a 3L percent larger maximum moment

than those for Specimen L5. Furthermore, the Specimen 1B

connections had a sl-ightly l-arger initiaL stiffness. The

moment-rotation behaviour was significantly affected by the
change in the number of bol_ts per angle 1eg.

Specimens 3 and L4 had five and three boLts per angle

leg, respectiveÌy. Both specimens had l-2 mm thick angles.

Fígure 5.44 shows the moment-rotatíon curves for the ts¡o

specimens. The initíaI stíffness, the moment at 0.024

radians, the maximum moment. and the maximum rotation for the

Specimen 3 connections, as shown in Table 5.1-, were 1,4,290,

95.8, L26.I and 0.055, respectively. The corresponding

values for the Specimen 14 connections were 5,?60, 43.0,

57.7 and 0.068. It can be observed therefore that the
Specimen 3 connections had a 48 percent larger initial-
stiffness than those for Specimen j,4. The Specimen 3

connections a.Lso had I23 percent l-arger noment at 0.024

radians than those for Specímen 14. The initiat stiffness,
the moment capacity and the moment-rotation behaviour v¡erè

significant.ly affect.ed by the change in the number of bolts
per angJ.e Leg.

In summary/ the number of bolts per angle feg has a

great infl-uence on the moment-rotation behaviour. The

maximum moment sustained was increased by 289 percent when

the number of bol"ts per ang.Ie leg was increased from three

t.o five,



5.3.4 GAUGE OF COLUMN BOLTS

The specimens used to determine t.he influence of column

gauge on the noment-rotation behavíour were l-8, T and g. The

three specimens had sÍmitar connection parameters except for
t.he column gauges,

Column gauges of L00, 130 and 140 run, were used. in
Specinens 8, 7 and 18, respecËive]y. The three specimens had

five bolts per ang).e leg and 10 rnm thick angLes. Figure 5.45

shor,¡s the moment-rotatíon curves for the three specimens.

The initial stÍffness, the noment at 0.024 radians, the
maxj-mum moment and the maximum rotation for the Specimen g

connectionsf as shown in TabÌe 5.1-, v¡ere L'l",Sg-t, 99.9, L40,.7

and 0.084, respectiveLy. The corresponding values for the
Specimen 7 connections were 1L,01-1, 70.4, I37.g and O.Oj2.

The values for the Specimen lB connectj-ons were 11,000,
'18.2, 124.L and 0.0?6. It can be seen thaL the Specimen g

connections had s1íghtIy larger initial stiffnesses than

those for Specimens 7 and 18. The stiffnesses of thê
connections of Specimens l-B and ? were virtually the same,

The Specimen 8 connections sustained. Iarger moment capacity
and Larger rotation than those for Specimens l-B and 7. The

large cl-earance bet.r.reen the beam flange and the column

fJ-ange probably was the reason for such differences. It can

be seen that a decrease in column gauge from 140 to 100 mm,

caused an Íncrease of 13 percent in the maximum moment and

virtually no change in the initial stiffness.



The init.ial stiffness of the connections was not
sígnificantly affected by the change in the column bott
gauge. Hov¡ever, a slight increase in the moment capacity can

be expected when the gauge is decreased from 140 to 100 mm.

5.3.5 TYPE OF FASTENER

Specimens 5 and 64, and 18 and 6, were used. to study
the effects of fasteners on t.he moment-rotation behavlour.
The two specimens of each paÍr were simil_ar except for the
fasteners used.

Specimens 5 and 6A had 10 run thick angles. The tv¡o

specimens were subjected to four cycl-es of 1oading and

unLoading. Specimen 5 had 4325 bolts whereas Specimen 6A

had .ê'307 bo1ts. The initial stiffness, the moment at. 0.024

radians, the maximum moment and the maximum rotatlon for the
Specimen 5 connections, as shown in TabLe 5.1-, were 16,4gO,

89.5, L37.0 and 0.084, respectiveLy. The vaLues for the
Specimen 6A connections were ).L,7I0, 52.9, ?4.3 and 0,042.
The initial stiffness was not significantly affected. The

Specimen 5 connections sustained farger moment capacity and

Larger rotation than those for Specimen 6A. The different
methods of bolt tightening probably contributed to the
degradation in the moment and the rotation in the Specimen

6A connections.

Specimens 18 and 6 had L0 mm thick angl-es and were

subjected to a monotonic toading, Specimen 18 had A325 bofts
while Specimen 6 had 430? bolt.s. The initiaf stíffness, the
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moment at 0.024 radians, the maximum moment and the maximum

rotat.ion for the Specimen 18 connections, as shoÌ¡n in Table

5.L, were L1,,870, 18.2, 124.1 and 0.076, respectiveJ-y. The

corresponding vaLues for the Specimen 6 connections \,¡erê

12,1"23, 64.4, 88,0 and 0.041. The maximum rotation and the
maximum moment sustained by the Specimen 18 connections were

l-arger than those for Specimen 6 by 86 and 4j. percent,

respectivel-y. The different methods of bolt tightening
probably conÈríbuted to the dífferences. However, t.he

Specimen 6 connections had a 2 percent larger inítial
stiffness.

The moment-rot.at. ion behaviour was significantly
affected by the type of boLts used in the connections. The

ductility of the connections is increased significantly if
4325 bol"ts, as opposed to .A,30? bo]ts, are used.

5.3.6 TYPE OF'LOADING

The specimens used to determine the effects of the type

of loading on the moment-rotatíon behaviour were 6 and 6A,

and 18 and 5. The two specimens of each pair were siniLar
except for the type of J.oading.

Specimens 6 and 6A had 10 mm thick angles. Monotonic

loading was applied to Specirnen 6 whil-e Specimen 6A was

subjected to a repeated loading. The initial stiffness, the

moment at 0.024 radíans, the maximum moment and the maximum

rotation for the Specimen 6 connections, as shown in Table

5.1, were L2,130, 64.4,88,0 and 0.041, respectivefy. The



values for the Specimen 6A connections were 'J-'J-,'r.L0, 52.g I

74.3 and 0.042. The Specimen 6 connections had 4 percent

larger initÍaI stiffness and. 22 percent larger moment at
0.024 radians than those for the Specimen 6A. The initial
stíffness and the moment capacíty were not affected
negatively by repeated toading. In fact, the moment capacity
for the Specimen 5 connections was higher than that for
Specimen 18. The stiffness after repeated loading was

maintained through the testing.
Specimens 18 and 5 had 10 run thick angles. Specimen 5

was subject.ed to four cycles of loading and unloading,

$¡hereas monot.onic loading was applied to Specimen l_8. The

initial stj.ffness, t.he moment at 0.024 radians, the maximum

moment and the maximum rotation for the Specímen 5

connect.ions, as shown in Table 5.1f were 3.6,490, 89.5, 137,0

and 0.084, respectivel-y. The corresponding values for the
Specimen LB connections were 'J.I ,870, 18,2, 1,24. j- and 0.076.

It can be seen that t.he Specimen 5 connectíons had a 39

percent larger initial st.iffness and L5 percent larger
moment at. 0.024 radian rotation than those for Specimen 18.

WhiJ-e the moment on the WEST side for t.he Specimen 6

connections was larger than that for Specimen 6A, the

moment-rotation behaviour appeared not to be significantly
affected by repeated loading. The sIíght degradation of
sCiffness for Specimen 6A aft.er severa.I J-oad cycÌes was

probably due t.o deformation around bofts.



Repeated loading applied to connections with A325 and

4307 bolts do not influence the moment-rotation behaviour
signíficantly.

5.4 SUMMARY OF RESULTS AND CONCLUSIONS

ALl of t,he test specimens behaved nonfinearly even at
1ow load levels. The maximum rotations for a1l_ connections

were between 0.035 to 0.084 radians. The maximum moment

ranged from 2? to 174 kN-m. AII of the connectlons were able

to sustain a rotation of 0.024 radians, the minimum

all-owable for semí-rigid connections.

Ten specÍmens failed by shearing deformations of the
beam-web boLts, caused by the high bearing stresses on the
bolts by the beam web, as the specimens were loaded, nlne by

Èhe yielding of the connection angles, and one by the prying
action of the angLes in t.he tension region,

fn view of the observaÈíons díscussed above, it can be

concl-uded that t.he angJ.e thickness and the number of bol-ts
per angfe feg had great.er infLuence on the connection
behavÍour than the other connection parameters considered
namely, the beam depth, the gauqe of col_umn bo1ts, the type
of fasteners and the type of loading.



68

TABLE 5.I : SUMMARY OF TEST RESULTS.

lnitial SIope
of 11-Ø
curve

(kN-m/red)

Moment
t 0.024
ràdíàôs
lr¿N-ml

Mode of
fèiìure

Remàrks
ìumber moment

(kN-m)
rot¿tion
(radiensl

2

3

4

6

6A*

7

I

9

10

IA

IB

5*

I I ,O2O

f t ,000

7 ,71O

t 4 ,2SO

I I ,870

t 3,514

12,130

I I ,710

l l ,0

1 't ,587

2,92O

2,450

79.17

78.19

10.37

95.78

78.t 9

s9.5t

64.41

52.7e

70.38

49.92

26.O1

20.85

105.s6

124.13

106.s3

126.10

t 03.60

137.00

a7 .96

7 4.29

137.81

t 40.74

3l44

35. r 9

0.0587

0.0760

o.0729

0.0546

0.071 I

0.0841

0.0409

0.041s

o.0724

0.0843

0.075f

0.092t

lYielding of the
lconneclion
| ¿nEtes.

lYielding of the
lconnection

langles.
lPrg in9 action
lof the anqles.

I

lBolt-shearín9

ldeformàtion.

Yi€ldin9 of ihe
conneclion
¿ngles.
Bolt-
shearing
deform¿tion.
Boll-
shearing
deformàlion.
Bolt-
she:ring
deform¿tion,

Yielding of lhe
connection
àngles,

Bolt-sheârin9
deformàtion.

Yielding of the
conneciion
engles.
Yieìdin9 of lhe
conneclion
¿ngles.

Tvo bolts
sheåred-off,

Tvo bolts
sheàred-off.

Tvo bolts
sheàred-off.
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TABLE 5.1 (conti nued)

lnitial slope
of 11- Ø
CUTVE

(kN-m/r¡d)

Moment
¡t 0.0024
ràdiàns
'kN-m)

Mode of
fåilurê

Remàrksìumber moment
(kN-m)

.ot¡tion
ir¿dian)

l2

t3

t4

t5

t6

18

19

3 ,914

2 t78O

4 ,277

10,650

20,Og9

20 ,777

1 8,520

28.67

26.66

19.55

43.01

52.7e

78.20

f 00.35

152.44

4l .05

34.48

27 .37

57.66

94.80

110.77

130.32

17 4.63

0.0653

0.0504

0.0773

0.0682

0.0797

o.0672

0.0412

0.0350

Boìt-shearing
deformalion.

Yielding of the
conneclion
angles,
Yielding of the
connection
àngles.
Bolt-shearing
deform¿tion.

Yieldín9 of ihe
connection
àngles.
Bolt-sheàring
deformalion.

Boll-sheàring
deformàlion.

Bolt-sheàring
deformàlion.

Tvo bolts
she¡red-off.

NOTE:

* Repested Losdi ng.
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TABLE 5.2: T0TAL SLIP AT THE END 0F TEST.

Slip betveen berm
v/eb ànd àngle legnumber flànge ànd àngle leg

lmml
E¡sl Vesl East Vest

IA
IB
2
3
4
5
6
6A
7
I
9

t0
1l
l2
13
l4
f5
16
l8
t9

0.o2
0.1 0
0.0t
0.09
o.22
0.25
0.09
0.03
0.t5
0,t6
0.08
0.0 t
o.t2
0.04
0.07
0.10
0.1 I
0.05
0.01
0.03

0.33
0.30
0.09
0.04
o.o2
0.38
0.06
0.04
0.46
0.20
0.4t
0.01
0.06
0.09
0.0 t
0.08
o.2t
0.07
0.05
0.f 1

0.t 3
0.25
o.23
0.00
0.00
0.38
0.43
0.48
0.18
0.4 t

0.51
0.03
o.23
0.05
o.25
0.08
0.r 3
0.03
0.03
o.t 5

0.13
0.t3
0.t 3
0.r 3
0.00
0.25
o.28
0.3t
0.25
0.20
0.25
o.23
0.3t
o.5 t
0.2s
0.t 5
0.05
0.03
0.13
0.t I
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Figure 5.24: Rotat.ional DispJ.acement
and the Beam Web in the
Specimen 3.

Between the Àngle
Tension Region of



Figure 5.25: Deformed À325 BoÌts at the End of a Test



Eigure 5.26: Deformed À30? BoLts at t.he End of Tests



Figure 5.27: Yielding Along
of Che Angl"e in
16.

the Bolt Lines of the Column Leo
the Tension Region of Specimen-



Figure 5,28: pryj.ng Àct.ion in Specimen 2.
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FÍgure 5.31: Sheared_Off Bolts from Specimens which had À325and A307 Bol-ts, respectively,



Figure 5.32: Typical Specimen at t.he End of Test.



Figure 5,33: De format ion
in Specimen

Both Column Fl-ange and web



Figure 5.34: Shearing off of Two Bolts ín t.he Tension Region
in Specimen L9.



130

120

110

100

90

80

70

60

50

40

30

20

10

o

E
IzJ

E
¡¡J

o

t-Emm

Spoc{mon 'lO: d - 31O mm

Spcdmcn l3: d - 4E0 mm

o.o2 0.0+ 0.o8

RoT TloN (md.)

Figure 5.35: Effect of the Beam Depth on
of SpeciÍnens L0 and 13.

d-510mm

d - .ltþ mm

o.08

Èhe M-ø Curves



150

120

110

100

90

80

70

60

50

Æ

30

20

to

o

E
Iz.f

Fz
l¡l

o

t-lOmm
d:48O

d-610mm

o.o2 o.o.t o.oo

RoTAIoN (rod.)
Figure 5.36: Effect of the Beam Depth on

of Specimens 18 and 16.

S@mon 1B: d -4€O mm

Spcdmcn 16: d - 61O mm

0.08

the M-Ø Curves



lJO

120

110

100

90

BO

70

80

50

.{o

30

20

10

o

E
Iz

-f
Þ2
l¡¡

o

t-12mm

Spcdmcn 14: d : 4{lO mm

Spcctmon 11: d " 310 mm

o.o2 0.o+ 0.06 o.os

RoTATION (rod.)
Figure 5.3?: Effect of the Beam Depth on thê M-ø Curvesof Specimens 11 and 14.

d - 4{tO mm

d=51Omm



2æ
190

140

17A

100
160

1Æ
1õO

120
110

100

00
80
70
60
50
40

30
20
'!o

o

E
IzJ

¡-z
t¡J

o

THREE BOLTS

Spocimon l1t I - 12 mm
SpcdmcnlS:t'8mm

RoTATIoN (ñ¡d.)

Figure 5.38: Effect of the AngÌe
Curves of Specinens

t-'l2mm

t-8mm

o.06

Thickness on the M-Ø
L3 and L4.



m
190
180

170
180

160
1Æ
150

12D

110

100

90
80

70
60
50
40
30
2ß

10

o

E
I
2.f
l-
2
l¡t

o

THRËE BOLTS

Spc.¡¡mcn 11: t - 12 nnm

S@mcnlO:t-8mm

Figure 5.39: Effect of the Angl-e Thickness on the
Curves of Specimens 10 and 11.

0.o+

ROTATION (rod.)

t-12

t-8mm

o.08

M-t7



200
100

180
170
160

1ó0

1.lo
130
't20
110

1fft
90
80
70
e{,

60
Æ
50
20
'!0

o

E
IzJ
[-2
t¡J

o

FTVE BOLTS

Spocfmcr¡ 5: t - 12 mm

Spcdmcn 18: t - 10 mm
Spocfmcn2t-8mm

t- 12

t- 10

t-8mm

Figure 5.40:

o.04

RorATloN (md.)

Effect of the Angle
Curves of Specímens

0.oo

Thickness
LB, 2 and

on t.he M-ø
3.

o.08



m
190

180

170
160

150

l,to
130

120
110

100

90
80
70
6()

50

'to
30
20

10

o

E
Iz.f

,
l¡J

o

t-12mm
Spccfmon 19: t - 12 mm
Spcc¡lmon18:t-8mm

SX BOLTS

t-8mm

RoTATION (md.)

Figure 5.41: Effect of
Curves of

the Angle
Specimens

0.06

Thickness on the M-Ø
18 and 19.



2ßO

190

180

170
160

150

1.lo
130

120
110

loo
90
80
70
60

50
Æ
JO

20
10
o

E
Iz

J

t-z
l¡l

o

t-8mm

Spcdmon 2 Bo¡bc - 5
Spcdmon 15: Bott¡ o 3

Boltr - 5

RoTAIoN (md.)

Figure 5.42t Effect of the number
on the M-Ø Curves of

Eolts - 3

of BoLt.s per Angle Leg
Specinens 2 and 13.



2ßO

100

180

170
160

1õO

1.to

lJO
't20

110

100

90
80

70
60
óo

10

50
20
f0
o

E
¡zJ

,
t¡J

o

t-f0mm

Spcolmcn 18: Bott¡ - 5
Spcolmon 15: Bolt¡ - 4

ROTA'IÌoN (md.)

Eigure 5.43: Effect of t.he Number of Bolts per Angl-e l-eg
on the M-ø Curves of Specimens 18 and L5.

Boltr - 6

Bolt¡ - 4



2ßO

190

180

170
160

160

1Æ
130

120
110

100

90
80

70

60

60
Q
30

20

10

o

E
Iz

,
l¡l

o

t-12mm

Spcdmcn 5: Bottc - 5
Spc<¡fmon l,t Bolt¡ - 3

Bott¡ - 6

o.o2 0.04 0.08 0.08

RoTATION (rod.)

Figure 5.44: Effect of the Number of BoJ-ts per Ang1e Leg
on the M-Ø Curves of Specimens 3 and 14.

Bott¡ ' 3



200
190

180
170
1EO

150

110
't30

120
110

100

90

80
70
EO

50
/m

30
20
10

o

E
Iz

l¿

E
t¡l

o

Ff\E BOLTS

9=lOOmm

9: 13O

,lO mm

RorAIoN (md.)

Figure 5.45: Effect of the Column Gauge on the M-Ø Curve
of Specimens 18, 7 and 8.

Spodmon 8: 9 - 1gg rn-
SPcdmon 7: I - 139 .-
Spcdmcn 18: 9 - 14O mm



CHAPTER 6

APPLICATION OF MODELLING PROCEDURE

6.1 GENERAL

In this chapter, the Richard function fits to the

exper imental ly-measured moment-rotation data for connections

tested in this studyf and for sinilar connection specirnens

test.ed by others, are presented. The approxination errors in
the curve fitting are presented in order to permit.

comparisons of the accuracy of the various fÍts.
Results of the application of the standardization

procedure, as described in section 3.3, to connections

tested in this study, for three different combinations of
sÍgnificant connect j-on parameters, are presented, Also
presented are the result.s obtained when the standardization
procedure was applied to connections tested in this study
plus appropriate ones from other studies/ for the optimum

combination of parameters.

6.2 RICHARD FUNCTION FITS

The Richard function parameters, Ø6¡ Mq, n and Spr and

the corresponding approximation errors obtained by fitting
the Richard funct.ion to the test data from this study and to
data from other studies, are shown in Tabl-e 6.1. It can be

seen that. the Richard function was fit.ted to onÌy fourteen
out of a total of twenty tests from this study. Specimens 6

and 6A were excluded because they had A30? bolts and their
behaviour differed significantly from that of the other



specimensf whích employed A325 bolts. Specimen 5 was

subjected to multipLe Loading and unloading cycles and thus

the moment-rotation data were not amenable to fitt.ing by the

Richard function. Specimen 1A was a duplicate of lB, and

thus it was not incl-uded. FinaIJ.y, for Specimens 9 and 12,

convergence of the Ieast squares curve fit.ting procedure

coufd not be achieved.

Other experinental moment-rotation data for doub]-e web

angLe connections to which the RÍchard function was fitted
were those published by BelI (1958), Bose (1981), Lewitt et
a]. (L966) t Rathbun (1936), Sommer (1969) and Thompson et
af. (l-970) . The experÍmental data for alL of these were

obtained from summaríes published by coverdhan (l-984) and by

Kishi and Chen (1986) . The connections were either bol-ted,

boLted-welded or riveted. The test data reported ín Table

6.I, represent those from studies in which at least one

connection size parameter was varied.

The errors of approxination for the fítted curves

ranged from 0.00 to 0.43 percent, suggestìng that the

Richard function is very suitabfe for modelling t.he moment-

rotation behaviour of doubfe web angle connections. Figures

6, L and 6.2, show the moment-rotation curves plotted
directly from the experimental dataf as a set of Iines
connecting cl-osefy-spaced data point.s, and the corresponding

Richard function fits, for Specimens 1B and 8, respectively.
It. can be observed in Table 6.1 that the errors associated

with fittíng the Richard functÍon to the experimenL.al data



were 0 ,002 and 0,431 percent for Specimens LB and I,
respectively. These fíts are the best and the worst of those

for the specimens tested ín this study. The experiment.aL

curves ín Eigures 6.1 and 6.2 were terminated at the moment

and rotation val-ues corresponding to those at which

convergence was achieved in the .Least squares curve fit.ting
process.

6.3 STANDARDIZATION OF RICHARD FUNCTION

6.3.1. GENERAL

The Richard function parameters and the connection

size paranet.ers erere used in the procedure described in
section 3.3, to produce a standardized moment-rotation

function for doubl-e web angfe connections. The

standardization procedure establ-ishes relationships between

the Richard function parameters and the connection size
parameters. For a given connection, the Richard function
parameters are obtained from those relationships and

substÍtuted into Equation (3.8) to obtain the standardized,

or predicted, moment-rotation curve.

The standardization process was applied to five
different cases. Cases 1 through 3 invoJ-ved the experimental"

data for the connection t.ested in this study, while cases 4

and 5 involved the combination of the lâtter and data from

other sources.

In the design of the experimental study, different
lengths of angle were used to accommodate the different



numbers of bolts in a verticaL row. Consequent.Ly, it was

assummed initiall-y that the effects of the angLe length, I,
and the number of bol-ts per angle Leg on the column f.Iange,

b, on t.he moment- rot.at i on behaviour of the test specimens

might not be independent. Nonethefess, in the

standardization process the individuat effects of I and b,

as we]-] as their combined effect, were investigated.
The st.andardized Richard function parameters are

presented in the sectíons to foLJ-ow. Comparisons between the

experimental moment:rotation curves and those constructed.

from the standardized functions are presented in Tabl-es 6.2

through 6.6. In the tables, the data headed "experimental"
are determined from "raw" plots of the experj.rnental data.

Those label-1ed "predicted" are obtained from moment-rotation

plots obtained by substituting the parameters for a given

connection into the standardized function, thereby giving

the M-ø function for the specific connecËion. Data presented

are the initial- slopes of the M-Ø curves, t.he moment values

corresponding to a rotation of 0.024 radians, the percentaqe

errors in the predictions of those values and the

approximation errors for the "predicted" curves reJ-atÍve to
the experimentaL ones. Because of the way they are d.efined,

the percenL.age errors in the predictions are extremefy

sensitive to differences bet\^¡een the experimental and

predicted data. ConsequentÌy, the numerical- vaÌues of the

errors are sometimes extrernely .Large. Nonetheless, they
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provide a good indication of the relative accuracy of thê

fits for different specimens,

The percentage errors in the stiffness and moment

values were computed as:

Predícted - Experimental
VaLue Value

Percentage Error = x r00 (6.2)
Experimental Va1ue

The average percentage error was computed as:

f (ebsolute errors for each test)
Average Error =- (6.3)

Total number of test s

6.3.2 CASE 1

The effects of five connectíon size parameters on the

moment -rotat. ion behaviour of the bolted double web angle

connections tested in this study were considered. The

parameters were the angJ-e thicknessf t, the column gauge, g,

the angl-e J-ength, l, the beam depth, d, and the number of
bolts per angle leg on the col-umn, b.

The expressions obtained for the Richard function
parameters, in terms of the connection size parameters are:

Øo = x0 .595 g-2.8I1 Ú.737 d-0.784 b-5.957

Mo = t1.136 g-1.515 11.139 d0.258 b0.309 (6.4)

n = t0 .522 9L.564 l-1. 073 d-0 .131 br.704
s- = r0.955 n2.044 1-4.445 d0,327 b1 .555"p



For a given connectionf the Richard function paraneters

obtained from Equation (6.4) were substituted into EquaEion

(3.8) to obtaín the predícted moment-rotation curve. Figures

6.3 and 6.4, iLlustrate the experimentaf and the predicted

moment-rotation curves for Specimens LB and 8, respectively.
Table 6.2 sumrnarizes data obtained from the

experimental curves and the corresponding predicted values.

Average errors of 26, A and 7 .6 and 68 .5 percent were

recorded for the initial slope, the noment aE 0,024 radians,

and the approxination error of the moment-rotation function,
respectivel-y.

6.3.3 CASE 2

The Richard function parameters are expressed in terms

of the connection size parameters as follows:

In this case, the effects
parameters - the angle thickness,

the angle lengthf 1, and the

considered.

Øo = tI .L49 g0.883 r-0. 614 d-0.304

Mo = r1.108 g-1.707 I1.416 d0.233

n = r0.363 q0.506 r0.457 d-0.8'7A

Sp = t0.253 9-2.648 L2.34I d-0.282

of four connection size

E, the column gauger g,

beamdepth,d-were

(6.s)



Figures 6.5 and 6.6, show the experinental and the predicted

moment-rotation curves for Specimens LB and 8, respective.Ly.

The experimental and predicted val-ues are presented in
Table 6.3. The average errors for the ínit.ial- slope, the

moment al 0,024 radians and the approximation error of the

monent-rotatíon function were 24.6, 15.1 and 966.4 percent,

respect ively .

6.3.4 CASE 3

The effects of four connection size parameters - the

angle thickness, L, the coÌumn gauge, g, the beam depth, d,

and the number of bol-t.s per angLe leg on the columnf b -
were considered,

The relationships between the Richard function
paraneters and the connection size parameters are:

Øo = tL064 g-0.1i-1 d0,2'72 b-l .375

M^ = f L.248 .,-0.864 d0.5L2 b1,. 4L1,^'o

n = r0.416 g0.951 d-0.976 b0.666

Sp = r0.516 g-0'495 d-0'663 b3,256

(6.6)

The experimental and predicted moment-rotation curves for
Specimens 18 and B, are presented in Figures 6.? and 6.8.

Table 6.4 gives a comparison of experimental and

predicted values. The average errors for the initial slope,

the moment aE 0.024 radians, and the approximation error of



6.3.5 CASE 4

The effects of five connection size parameters - the

angle thickness, t, the col-umn gauge, g, t.he angle length,

l-, the beam depth, d, and the number of bol-ts per angle leg

on the column, b - were considered. The experimenta.I data

from t.his study, plus five set.s of tsests data from other

sources were empLoyed in the analysis. The data from other

sources, presented in Table 6.5, comprised all of that
availabl-e on bolted-bolted connections.

The Richard funct.ion parameters were computed to be:

the moment-rotation function were 24.3, I .3

percent, respectivel-y.

Øo = a-0 .267 g0.920 f 0.414 d0.084 b-0.347

M^ = f 0 . 348 ('-1 .267 rt . 653 d-0 .0L7 b-0 .24L"o
n = È0.578 g0.390 t0.540 d-0.973 b0.150

Sp = tO.B71 g-1 .432 14.686 d-3.s87 b-0.547

L26,6

(6.7)

Figures 6.9 and 6.L0, show the experímentaJ- and predicted

moment-rotation curves for Specimens l-B and 8, respectively.
The resuLts obtaíned from the test data and the

corresponding predicted va.Iues are tabul-ated in TabÌe 6.5.

The average errors for the initial slope, the moment. at
0,024 radians, and the approximation error of the moment-

rotat.ion curve were 25.0, 20.5 and 4,300.9 percent/

respectively.



6.3.6 CASE 5

For this case, aII of the avaj.l-abl-e test data on doubLe

web angle connections, namel-y those on bolted-bolted,
bofted-welded and riveted connections, were considered. The

data from other sources, as shown in Tabfe 6 .6, were

obtained from Rathbun (1936), Bel-l (f958), Lewitt et al .

(1.966), Sommer (1969), Thompson et al-. (19?0) and Bose

(L981) . The five connection size parameters, t, g, 1, d and

b, were considered in the analysis,

The Richard function parameters lrere computed to be:

Øo = a-0.468 g-0.690 10.969 60.569 b-2.I27

Mo = t0.351 g-l- .770 12.728 d-0.540 b-0. 620

n = r0.3r.0 g0.329 l0.2LL d-0.4r4 b-0,215

s- = r-0.136 .f-0.399 p.989 d-2.876 b!.269"p

(6.8)

Flgures 6.11 and 6.12, show the experiment.al and predícted

moment-rotation curves for Specimens LB and 8, respectively,
The results obtained from the test data and the

correspondÍng predict.ed val-ues are tabulated in Table 6.6.

The average errors for the initiaf sIope, the moment at

0.024 radians, and t.he approximation error of L.he moment-

rotation curve were 36.8, 24.8 and L3.,I97,2 percent,

respectiveJ-y.



6.4 DISCUSSION OF RESULTS

Comparisons of t.he average errors for t.he inítiaI
s.Lope, the moment at 0.024 radians and the approximation

error, for cases l- through 3, as presented in TabLes 6.2

through 6.4, reveal that the standardized Ríchard function
parameters based on case 1" provÍded the best fit to the

experimental- data for thís study. The average approximation

errors for cases 2 and 3 were 14.1 and 1.8 Èimes,

respectively, that for case L,

It is concluded therefore that the five connection size
parameters - the angle thickness, t, the gauge on the

column, g, the l-ength of the angle, 1, the bearn depth, d,

and the number of bolts per angle Ìeg, b - all had

si.gnificant infLuence on the noment-rotation behaviour of
double web angle connections. The average errors for the
predicted initlal sJ-ope and moment at 0.024 radians for the

three cases compared very well with one another, implying

that the errors based on the specific poi.nts on the moment-

rotation curves may not be sufficient aS the basis for
conparing the different prediction models.

It can be seen from Tables 6.2, 6. S and 6, 6, which

provide data for Cases L, 4 and 5, that the average

approximation error for case 4 is 62.7 ti¡nes larger than

that. for case 1, while the error for case 5 is 163.5 times

J-arger than that for case 1. This shows that the error of
approximation increased as the number of the test data from

other sources increased. The different conditions under
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which the varíous tests were performed, was probably the

primary reason for the J.arge discrepancies observed for case

4, The even J-arger error of approximation for case 5 was

probabl-y due to the fact that the latter case incÌuded

bol-ted-welded and al-1-riveted connecLj-ons, in addition to
bolted-bolted ones. An examination of Figures 6.3, 6.4 and

6.9 to 6.12, shows that Lhe standardized functions for cases

f, 4 and 5 give good predict.íons of t'he moment-rotation

curves.

The approximat.íon error for case 5 ís 2.6 t.lmes thaL

for case 4, This observation further indícates that the

greater the number of Lest data from different sources t.hat

are included in the modelling procedure, the larger the

error of approximation.

Based on alI of the above findings, it is suggested

that the standardization procedure employed for this study

is adequate for use with al-l available pertínent data for a

given connection type.

Since the standardized Ríchard function parameters for
case 5 [Equation (6.8)] utitized data for different types of
doubfe web angle connectj-ons, it is best suited for use in
general-purpose structural- anafysis procedures. The accuracy

of the function can be improved by utilizing, in the

standardization procedure, additional test dat.a that are

obtained under testing condit.ions which are as similar as

possible.



r2'1

TABLE 6.t: RICHARD FUNCTI0N PARAIlETERS AND APPROXIMATt0N
TRRORS FOR DOUBLT WEB ANGLE CONNICTIONS.

{àme of Test
idenlitg

Richàrd Funclion Par¡meters

Øo
(radians)

Mo
(kN-m)

Sp

,kN-m/r¿d)
error (ß)

0nuåh*

Bell

Bose

Levitt
et el.

Ràthbun

Sommer

Thompson
el ¡1.

Test- lB
Test-2
Test-3
Tesl-4
Test-7
Test-8
Test-t 0
Test-l I
Test-13
Test-14
Test-15
Test-16
Test-18
Test-t 9

FK-4A

B-l

FK-3
vk-4

FK-4AB-M
FK-5

A-t
A-2
A-3
A-4
A-5
A-6
A-7

Test2l
Test22
Test23
Test24

g1-2
Dt-t
Et-t
A2-l
c2-l
D2-1

3.63
6.89
4.50
6.37
I .3t
t 2.83
7 .69
L94
6.07
9.60
2.79
2.32
L7l
4.24

4.20

1 .72

?.33
L96
I .86
4.66

I 8.04
2.28
7.00
6.t 9
0.34
2.07
0.43

13.9t
12.29
8.99
8.52

2.33
4 .42
2.92

It.84
f .34
0.65

58.8 2
59.83
63.43
?5.79
22.97
lo4.77
l7 .42
27 .41
16.89
42.49
35.06
53.0t
60.00
93.f I

34.25

34.24

34.73
15.90
26.50
67 .61

2.O1
5.48

t 2.33
t 6.86
7.t 3

37 .62
t 7.66

34.6 t
80.06
68.9'l
98.42

36.19
33.52
49.79
t 6.05
t 3.20
15.65

f .60
2.24
6.75
1 .s8
0.88
1 .49
2.50
1.52
1 .49
!'62
2.19
'r .6t
1 .64
2.15

1 .30

3.98

| .85
1 .09
1.23
L69

5.93
I .99
2.OO
2.25
I .63
I .81
2.7 4

2.44
I .97
2.27
2.28

1.20
I .45
I .68
0.93
f .96
I .20

o.427
0.637
I .271
o.3?8
1.582
0.4 t I

0.186
o.212
0.148
0.2t I
0.768
I .039
1 .642
2.400

0.30 t

6.667

0.t 76
0.t 35
o.264
o.724

0.0 t I
0.370
0.057
o.221
2.330
I .337

I I .790

0.3t5
0.290
0.658
| .o20

0.176
0.128
0.t t 4
0.t7t
o.7 64
0.740

0.002
0.004
0.061
0.01 3
o.129
0.431
0.003
0.083
o.0t 5
0.044
0.1 08
0.0t I
0.0t3
0.008

0.00t

0.000

0.000
0.00t
0.000
0.001

0.006
0.020
0.300
0.002
0.00t
o.2t9
0.000

0.000
0.000
0.000
0.000

0.057
0.0f 9
0.t 01
0.130
0.00f
0.000

NOTE:
* Fourteen Tests vere fitted vìth the Richard Function
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For Experi mental ond Pre

Çé!!-!: Prediction model conlidered the effecls of t,9,1, d ond b on connection
behoviour, bssed on doto from experi ment6ì testi ng progrsm.

EXPERIMTNTAL PREDICTED

Specimen
number.

lniti¡l slope
oÍ ì1-E
curve.

(kN-m/r¡d)

'loment ¡t
).024 r¡d.
(kN-m)

lnitiel slopc ol
M-ã curve,

i"Io I Eo.
(kN-m/r¡d)

foment ¡t
).024 r¡d.
(kN-m)

Error ir
initi¡l
slopa.
(ß) *

Error in
¡oment ¡t
).O24 r¿d.
(5) *

Approximation
error lor l1-9t
curve.

(ß)

1B

2
3
4
7
8

t0

t3
l4
t5
l6
t8
t9

I I ,870
7,?tO

t 4 ,28O
I I ,870
12,730
16 ,24O
2,43O
3 ,24O
2,780
5,760

t 0,650
22,A9O
25,O4O
I 8,520

78.t 9
70.37
95.78
78.t 9
70.38
89.92
20.85
28.60
t 9.55
43.0 t
52.78
78.20

t 00.õ5
t 52.48

t 4,690
I3,0to
t6,2lo
l4 ,690
13,340
9,480
2.41O
3,000
3,550
4,4t O

I,290
19 ,470
27,650
34,430

7 6.94
60.31
93.87
76.94
79.2A
83.70
20.47
32.24
22.15
35.24
49.93
82.58
93.77

145.17

+23.7
+68.7
+13.5
+23.7
+ 4.1
-41 .6
- 1.6
-'t.4
+27 .7
-24.4
-22.1
-14.9
+10.4
+85.9

- 1.6
-14.3
- 1.9
- 1.6
+12.6
- 6.9
- 1.8
+12.7
+t3.3
-l 8.0
- 5.4
+ 5.6
- 6.5
- 4.1

o.t
6S.8
o.2

23.1
t 23.3
42.7
4.3
9.9

I t 7.5
464.5

91 .2
2.6
3.9
't .6

Averrge Error = 26.4 7.6 68.5

NOTE:

t A positive number represents ô predicted vôl ue vhich is lorger
thon the experimenlsl vôl ue.
A negotive number represents o predicted volue vhich is smoììer
thon the experi mentol vôl ue.
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TABLE 6.3: lnitiol Sìop-gg, Momênt st 0.024 rsd., 0nd A p_plg¡i¡.Ql!9¡_gf_f9_rg

For Experimentel ond Pre

CASE 2: Prediction model considered the cffect of t, 9, I ond d on connection
behEViour, based on doto from experi mentol testing progr0m,

EXPERIMENTAL PREDICTED

Specimen
number,

lnitiàl slope
of l1-E
ourve .

lkN-m/r¡d)

Moment ¿t
O.O24 red.

(kN-m)

nitirl slopc of
M-,Ø curvc,
l1o / Ro.
kN-m/r¡d)

Moment ¡t
0.024 r¿d.

(kN-m)

irror i¡
niti¡l
ilope.
(5) *

:rror in
loment ¿t
1.024 râd.

(ß) *

Approximation
error îor ì'1-ø
curYe.

(F)

B
2
3
4
7
I
0
I
3
4
5
6
I
9

I I ,870
7,1lO

t 4 ,2eo
I I ,870
12,73O
l6 ,240
2,45O
3,240
2,78O
s,760

t 0,650
22,590
25,040
't 8,520

?8.t9
70.37
95.78
78.19
70.38
49.92
20.85
28.60
t 9.55
43.01
52.7A
78.20

r 00.35
152.44

l2,3lo
12,42O
12,22O
12,3t0
14 ,920
9,980
3,480
3,430
4,25O
4,t 80
7 ,730

l4 ,24O
l4,370
20 ,640

7l .64
59.07
84.22
7l .64
82.17
7l .63
23.52
33.84
23.84
34.47
48.56
72.59
82.42

I t 7.32

+ 3.7
+61 .0
-14.4
+ 3.?
+17 .2
-38.5
+ 1.2
+ 5.8
+52.8
-27 .4
-27 .4
-37 .7
-42.6
+t t.4

- 8.3
-t6.0
-12.o
- 8.3
+17.6
-20.3
+12.8
+t 8.3
+21 ,9
-19.8
- 8.O
- 7.1
-t7.8
-23.O

7.4
t 38.8
l4t .9

3.2
236.6

9ss6.3
40.4
46.9

58s.3
82t.8
258.6

7.6
499.5
I 185.t

Averåge Error = 24.6 I5.t 966.4

NOTE:

* A positve number represents s predicted vElue vhich is lorger
lhôn the experi mentol vslue.
A negotive ¡umber represents ô predicted voìue vhich is smsller
than the experimenlsl vsl ue.
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TABLE 6.4: lnitiol Slopg, Moments et 0.024 r¡d., ond Ap_pl9Xj_m!!-e¡_EI_I9-8.

Experimentoì ond Pre
CASE 3: Prediction modet considered the effect of t, 9, d ond b on connection

behôviour, bosed on date from experimentôl terli ng progrrm.

NOTE:
r A positve number represents a predicted voìue vhich is larger

thon the experi menlsl vôìue.
A negotive number represents E predicted volue vhich is smoìler
thsn the experimentol vel ue.

EXPERIMENTAL PREDICTED

ìpecimen
ìumber.

lnitirl slope
ol 11- El
curYe,

(kN-m/r¿d)

lomÊnt ¿t
),O24 r ¿d.
(kN-m)

lniti¡l sìope ol
M-B curve,
l'1o / øo ,

(kN-m/r¿d)

lomeñl àt
).O24 r àd,
(kN-m)

Error ir
initi¡l
slope.
(ß) Ì

rrror in
noment ¡t
).024 råd.
(5)*

Approxím¡tion
error br ¡,1-2t
curvê.

(ß)

IB
2
3
4
7
I

'10

t3
l4
t5
l6
t8
t9

'I I ,870
1,71O

l4 ,280
f I ,8?0
l2,130
16 ,24O
2,45O
I ,24O
2,780
5,760

10,650
22,A9O
25 ,O40
I 8,520

?8.t 9
70.37
95.78
7S.19
70.38
s9.92
20.85
2e.60
I 9.55
43,0f
52.78
78.20

| 00.35
152.48

t 4,300
13,720
t 4 ,79O
t 4,3O0
I 5,t 20
18,42O
3,020
3,260
3,3t0
3,560
7 ,6eO

t s,260
24 ,34O
26,23O

76.96
61 .23
93.t 0
16 .96
8t.t5
97.05
2t .13
32.69
2t.98
34.21
49.69
79.8t
9l .23

138.63

+20.4
+77 ,9
+ 3.5
+20.4
+18.7
+l3.4
+24.2
+ 0.6
+19.0
-38.r
-27.8
-33.3
- 2.4
+4t.6

- f .5
-12.9
- 2.8
- t.5
+15.3
+ 7.9
+ 1,3
+14.2
+12.4
-20.4
- 5.8
+ 2.O
- 9.0
- 9.0

0.t
3t .2

1.0
I 9.0

t81.8
33.2

0.0
't 7.5
89.1

I l9't .4
t 64.3

o.4
25.?
12.5

AYeràge Error = 24.3 s.5 126.6
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çAgtrfl Pr¿diction modêl conlid!rêd lh! êlfêct of l, 9, l, d !id b on .onn.ction
b.hlvlour, b.!.d on drtr from ¿xp.rlmênt.l t.!l proqrrm .nd fivr
othcr d.t. from bolt.d connlction!,

EXPIRIMENTAI PRTDICfED

rv.rtig.tor
lrror ir

).024 r¡d
(s)*

o1¡.1-S

kN-¡n/r¡d)

).O24 ¡¡d
(kN-rn)

H-g curY., r,024 r¡d
(kN-m)

niti¡l
lop..
(ß)t

rr.r 16r H-g

(ß)
0nu¡h l8

3

7
s

10
11

t3
t4
t5
t5
t8
l9

I t,870
1,710

ß,240
1f,870
t2,1ao
t6,24O
2,450
3,240
2,180
5,?60

t 0,650
22,e9O
?5,040
t 8,520

?8.t 9
70.37
95.78
7S.t 9
70.38
89.92
20,85
28,60
t 9.55
4¡.O I
52,7A
18.20

100.35
152.48

12,{50
10,850
t 3,930
t 2,450
t 4,530
25,940
3,580
4,600
3,450
4,430
7,57O

12¡r t 0
t 5,830
20,320

76,13
66.4 t
s2.90
75.07
42,17

I t6.98
29.98
37.65
21.91
27.57
45.30
58,55
76,t 5
93,?6

+40.?
- 2.4
+ 4.8
+14.9
+59.7
+45.t
+4t.9
+24.1
-23.0
-28.9
-4?.0
-36,7
+ 9,7

- 2,6
- 5.6
- 13,4
- 3.9
+11.6
+30.0
+43.?
+31.6
+ 12.0
-35.9
-t 4.t
-25.1
-24.2
-38.5

t.4
55.5
26,3

| 89.O
2,058.6
3,212.3

469.2
46.6

49,1?O.8
I ,111.2
3,211.2
4,t 13.7

t7,106.1

8or.r B-t 19,960 t 9,?90 I to_94 0.8 o.o

ÍK-3 4 ,140 32.8 t 5,530 4t .?s -25.5 +21.1 53S.9

8l-2
ol-2
El-t

t 5,54O
7,5SO

I ?,O40

31.97
t4.12
50_85

?,850
I r,780
t5 ?30

38.3 t
45.26
57.62

l0.9
+55.4
- 7,6

+ 0.9
+30.3
+f3.3

0.4
156.3
22.O

250 205
NOTE:

* A poJitiv. nulnbcr r.prcr¿ntr ! predictrd v¡luê vhich i! ìôrger
lhôn the.xpcrimênl¡¡ v.ì uê.
A negôtiv. numb!r rcÞr!rcnlr ! pr.dictcd vôìuc vhich i! !m!ller
lhô n thc cxpcrimêñlsl v¡lue.

*t Refcrcncc:Ki!hi ôÀd Chcn, I 986.

' Referênce: Goverdhon, I 984.
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fABLE 6.6: lnlti.l Slo p_9!,

Çó$IÉ Pr¿diction modêl contld.r.d th. rí.ct of t, q, l, d !M b on .onnêction
bêhlvfour, b.!.d on dôt. from rxp¿rim!nt.l t.!tlnq pro0r.m rnd
.v!ilôbì. d¡t! on doubl. v¿b i0cl. conn¿ctlon!.

EXPERII'lENTAL PREOICTTD

ìv.rti9¡tôr
lñiti¡l rìop.

ol ì'l-ø
lohant ¡t
1.024 r¡d.
(kN-ñ)

'ìiti¡l5ìop. o

kN-m/r¡d)

.024 r¡d
(lN-m)

ìlti¡l

(s)i
l.O21r¿¿

rrôr for H-l

0ñu¿h IB
2
I
7
I

t0
1l
13
t4

f6
t8
It

I I ,870
7,710

t 4,280
I I ,870
t2,130
t 6,24O
2,45O
I,24O
2,180
5,760

r 0,650
22,e9O
25,040
t 8,52O

?8.t 9
70.31
95,78
78.t 9
70,38
89,92
20,85
28,60
19.5s
43.0t
32,1A
7A,20

r 00,35
r 52,48

t 4,43O
l2,o2o
16,7s0
| 4,430
r5,630
20,750

3,32O
4,630
2,200
3,O60
6,880

f0,690
16,21O
22,6A0

17.94
?3.85
81 ,44
11,94
86.0S

t 23.57
27.39
30.54
r 8.2t
21.21
12.16
57.t 7
87.52
97.9t

+21 .5
+55.9
+17.3
+2t.5
+22.1
+27,1
+35.5
+42.9
-20.8
-46.8
-35.4

-35,O
+22.4

- o.a
+ 4.9

-r i.9- 0.3
+22.3
+37.4
+31 .3
+ 6,1
- 6.S
-50.6
-20.1
-26.9
-12,7
-35.7

14.2
174.2
35.S

343.9
t,998.t
I,t5t.0

4.t
2t .8

38t,O95.t
4,t ?0.9
3,65S.3

t 85.7
t 2,813,4

S.ì1. { ,x-4^ s,t 50 39.32 6,0ro 35.5? -26.2 95 66

Bo9.r l-t t 9,9óO 22,180 'I 0.t

Lrwitt' ,K-3
tK-4
:K-448-

H
'K-5

4,71O
I,l2O

14,260

t 4,520

32.81
t 8.81
3t.t9

8l.36

3,590
6,010

2t ,zao

14,490

25,3 t
35.6 r

46,1O

69.6f

25.9
'48.8

o.2

-22.4
+94.4
+4?.8

-14.4

t 52.t
2.7

t 57.O

6.9

^-2
^-3

l lo
2,4OO
I ,760
2,120

20,840
t 8,l80
41,060

2,17
I l.?7
t 3.55
21 .91

170
1,660
4,7lO
3,970
8.O70

t 3,430
2?,3 t 0

2.10
16.08
I 8.61
29.64

'54.5
30.8
'r 6?.6
45.9

+ o.4
+36.6
+3?.3
+35,0

to.5

112.O
613.6
454. t

2.3
5 936 4

T.5l2l
l.sl22
T.tt23
T.st24

2,490
6,5rO
7,670
1,560

39.32
76.6r
8r .36

r t 7.52

3,5?0
9,140
9,760

t7,710

3t.0t
6l.2A
52.35
84.?S

43.3
40.4

53.2

2l .l
11.4
35.6
2A.2

266.2
10.6

395.2
104.9



TABLE 6.6 (coptinuÊd)-

r A porilivc numb.r r.pr.!ênt! ! prrdlcted vôluê vhlch is l.rgcr
thôn thc rxp.rimênl.l vôluê.
A n¿9!tiv. numbcr rcprÊ!!ntr . pr.djctcd v.lur vhich i! rmrll.r
th!n th. Êxt.rlmcotrl v.lu!.

** Rêfcr¿ncc: Ki!hi .nd Chcn, 1986.

* RêLrêncc;6ov.rdhrn, I 984,

TXPERIIIENTAL PREDICTED

hiti.l rlop.
ol l.l-ø

ll -mlr¡d)

r.024 r¡d
(k¡i-ln)

hitj.l rkp. o

H-ø curv.,
l4o / go,

(kN-m/r¡d)

niti¡ì

(s)'
1.024 r¡¿
(s)i

\pproxkñ¡tior
rrôr (Þf ¡,1-ø

Bt -2
Dt -2
Et -t
a2-l
c2-l
D?-l

t 5,540
7,580

I ?,040
4,030
9.850

23,970

37.97
t4,12
50.85
1?,63
3f .8?
33_90

8,980
a,620

t 2,660
6,110
8,980

12,50o

3t.49
43.O8
50.78
27.54
3t.49
50.5r

-42.2
+13.7
-25.7
+51.6
- 8.8
-4?.8

-r7.0
+24.O
- 0.t
+56.2
- t,t
+49.O

31 .5
1.3
4.1

I 06.2
2.1

t 87.3

36.8 24.4 ,197.2
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CHAPTER 7

CONCLUSIONS AND RECOMMENDATIONS FOR FURTHER
STUDY

7.1 CONCLUSIONS

Based upon tests of twenty specimens, each involvíng
two bo.Lted, double-web-angle connect.ions symmet.rically

placed on the flanges of W-section sLub coJ-umns, the

following conclusions can be drawn:

L, The five connection geometric parameters which influenced

most significantly the moment-rotation behaviour of double

web angle connections were, the angle thickness, the gauge

on the column, the angLe LengL.h, t.he beam depth and the

number of bolts per angle 1eg on the column fl-ange.

2. The angle thickness and the number of boLts per angle leg

on the column exhíbited greater ínfluence on the moment-

rotation behaviour than the other three connection

parameters.

3. The initial stiffness and the moment. at 0.024 radíans

sustained by a part.icular double web angle connect.ion, were

increased by 107 and 120 percent, respectively, when the

angle thickness was increased from I to 1-2 Rfr, and t.he

connections had three bolts per angLe leg in a verticaÌ
line.



4, For a connection wíth thick angJ-es, when the number of
bolts per angle Leg on the column was increased from three

to five, the initia] stiffness and the maximum moment were

increased by 1,77 and 290 percent, respectively.

5. When the gauge on the column was reduced from 140 to L00

nm, 37 and 13 percent increases for initial stiffness and

maximum moment, respectively, were observed.

6. For a connection with 12

depth was increased from 3l-0

40 percent were observed in
maxímum moment, respectively,

mm thick angles, when the beam

to 460 mm increases of 78 and

the initial stiffness and the

7. À connection $rith 4325 fasteners and 10 mm thick angl-es

had 4L percent Iarger stíffness than a simil-ar connect.íon

with 4307 fasteners, ln addition, the former connection

sustained a moment resistance which was 84 percent larger
than that sustained by the latter.

A multiple regression analysis procedure has been

developed for modelling the moment-rotation behaviour of

doubLe web angle connections, in a standardized form, The

standardized function is expressed in terms of the pertinent
connectíon geometric parameters. The function can be

incorporated into a st.ructural analysis computer program,

and when the geometric parameters for a given connection are



substituted, the rnoment - rot at ion functíon for the connection

is generated. The modeJ-l-ing procedure has been appJ.ied to
the connections tested in t.his study, and then to them plus

oÈher similar connections tested by others. On the basis of

the results, the following conclusions have been drawn:

1. For the connections tested in this study, the

st.andardized function incorporating connection parameters t,

9, d, b and 1 (angle thickness, gauge of col-umn bolt.s, depth

of beam, number of bolts per angl-e leg, and length of angle)

yielded best accuracy.

2. For Èhe connections tested in thls study pLus ot.her

simil-ar connections tested by others, the average

approximation errors for the predicted moment-rotation

curves were 68, 4,300 and 1,L,L9'l percent for cases 1, 4 and

5, respectíve.Ly. Case 1 was based on the M-Ø data for the

connections of this study, r¡hil-e case 4 employed data for
the connections of this study plus data for five simÍtar
connections tested by others. FinaLl-y, case 5 utilized data

from this study plus all of the available pertínent data on

bolted-boLted, bolted-welded and riveted doub.Ie web angle

connections.
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7.2 RECOMMENDATIONS FOR FURTHER STUDY

l-. while many tests of steel beam-to-column connections

have been conducted, t.he present study is one of the few

Èhat have been conducted to isolate the effects of
individual- parameÈers on the moment-rotat'íon behaviour of
the connections. In this study, onl-y double web anqte

connectíons were considered. SimiÌar studies should be

conducted on single web ang1e, header plate, lop and seat

ang.Ie and end plate connections.

2. Composite floor systems are becoming increasingly
popular in steel frame construction. The few tests that have

been done on steel- beam-to-column connections in composite

construction suggest that the latter behave differently than

connections in bare steel frames. Therefore, it is
recommended that a study simil-ar t'o the present one be

conducted on doubl-e web angle connections in composite

construction. That study shou.l-d, in turn, be extended to
other conìnon connection types.

3. Very l-íttl-e experimental information is avaiJ_ab1e on

the moment-rotation behaviour of connections between W-

section beams and Holl-ow Structural Section cofumns, Thus it
is recommended that a study similar to the present one be

conducted on connections to HofÌo9r Struct.uraL Section

cofumns.
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APENDIX A

DERIVATION OF ROTATION EQUATION BASED ON

THE PRINCIPLE OF' SLOPE DEFLECTION.



APPENDD( A

THE DERIVATION OF EQUATION (5,1)

:ffi¡
Físure ^' å:Tl:i;iå.i.": Bå:å.räiå:::'."

The moment M1 at one of the supports can be expressed

in terms of the f.Iexural rigidity of the beam' tshe span

lengt.h, the beam rotat.ions and the chord rotation using the

princíp1e of slope deflection, as illustrated in Figure A.

The moment M2 at. the connecLion can be expressed similarJ-y

using the same slope deflecEion principle.

At the support:

2Ef
M1 =- ç2Øt-Ø2+3Ê l (4.1)

L

whe re

EI = flexural rigidity of t.he beam,

Ø1 = beam roLation at t.he support,

ØZ = beam rotation at the connectÍon,

+ = chord rot at Í on,



A = vertical- deflection at t.he connecL.ion, and

L = beam span length.

and

€F = -=- (A.2)
L

Since t.he supports are pinned, Mt = 0. Then, Equation (Â',l-)

becomes:

zLL 
^2Ø1 -Ø2 + 3 -:a- ) =0 (À'3)

Re-arranging Equation (4,3 ) :

4Er zEf 6EI a
LL

Hence,

3A
2ør= 

--ø2L

At the connection:

L

Re-arranging Equation (4.6) :

2EI AM2= -2Øz-Ør+3-l (4.6)

LL

(A. s)

4EI 6Er 
^ 

2Er

- 
ØZ 

- 
Øt - Mz (4.7)

LLLL



Hence,

  M2L
4ø2= 6 " -2ør---:- (A.8)

L EI

Substituting Equation (4.5) into Equation (.A.8):

^ t42L
?a¡^ : ? ¿l 

- 

-

-PZ L EI

The re fore ,

a M2L
ø2=-

L 3EI

The moment, l'¿12 t aL the connection can be expressed Ín terms

of the applied load, P, as fol-l-ows:

(A.10)

(A.l_1)

(A.12)

PL
M2=-

2

SubstÍtuting Equation (Ã'.11) into Equation (4.10) :

,/\ PL2
,o2 -

L 6EI

Equation (A.l-2) may be used to calculate the rotation

at the connection,



APPENDIX B

MOMENT.ROTATION CURVES BASED ON HORIZONTAL

AND VERTICAL DISPLACEMENTS OF TEST SPECIMENS
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