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. ABSTRACT . -

END .PLATE CONNECTIONS FOR STEEL BEAMS

-

An end plate.welded transversely to the web of a beam
and then bolted to the supporting member should prov1de an

effective simple connection to transmit shear. However,

under loading, the end of the beam.rotates and moments are

-

developed in the cghnection.' It is essential that tﬁg end
plate conéection be §pf§iciently flexible so that the
factored'moment can bé‘attained~ip the beam without frac-
ture of the connection and without the development of
excessive moments in the connectipn itself.

Bésed oﬁ the behaviour of T-sections, where the
flange of the T éimu;ates the end plate and stem simulates
the .web Of the be;m;_both when'the stem is loaded in
tension and compression, én§lytical procedﬁrEs have been
developed to predlct the moment-rotation behavior of end
plate connectlons.

Good agreement has béenhobtained between the pfedicted
(moment—rotathn curves and experimental curves "for eight

connections covering a practical range of end plate thick-

nesses, gage distances between bolt holes and connection

-depths. With the analytical curves the designer is thus

able to predict the behavior of a proposed connection to

ensure it has sufficient strength and flex;blllty
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CHAPTER I
INTRODUCTION .

1.1 . General
* An end plate for beam-to-column copnections is a rela-

tively new type of simple connection. It consists solely

of af%ertical plate shop-welded to the end of the web trans-

verse to the axis of the beam with fillet welds on each side
of-the.web.' The field connection is méde gy bolting the-end
plate to the flange or er of the supporting membexr.

In simple end connections fqr beams, it is assumed that

the copnection allows rotation of the beam and transmits

shear only. The very common simple connection has consisted

of two angles, either bolted or welded to the beam web, and’

most freguentliv bolted to the supporting member.

One ©f {ge a@vantages offthe angle connection is the -
possibility of making small adjustments'in'length‘br out-of -
_squareﬁess. For example, if the beam is cut to the wrong
length, thé longitudinal position of the angles can be ad-
justed to make the length correct from back-to-back of
angles. On the other hand, the angle connection has the
disadvantage tha£ two piecés of material have to be handled.
It is, also, difficult to use when a skew connection_is re-

. quired.




2
The end plate connectlon is a simpler shear connection
with only one piece to be fastened to the web and as well
can be set at the skew angle easily. The beam must however
be cut to the required length within close tolerances, but
'thistcan be done easily w1;h automatlc sawing equipment which

_also provides square ends.

1.2 pPurpose of Research

The purpose of this research ig:

1. to establish-an analytical method for predicting
the momeht-rotation relationship for the end plate connec-
tion, at least up to the point where the end rotation causes
the bottom flange of the be;m to bear against the column,

2. to investigate the behaviour of the end plate, in
tension and compression,‘and' _ -

' 3. +to predict the moment at which the.beam comes in

contact with the column.

1.3 Method and Scope of Work .

Three series of expérimental studies have been con- ) .
ducted: -
1. a study of the whole end plate connection was'
carriéd out. Static tests were performed on a series of
end plate connections with varying geometry by subjecting
the connections to shear and moment while measuring the
rotation. These tests simulate the actual conditions as-

£'4

v



. 3
sociated with a beam connected to a column,

2. a stud§ of the end plate connection detail ip .
éension by testing short segmeEEs subjected to tension only.

13.. a éfudy‘of the end plate connection detail_ih com=~"
pression by testing short segments'of £heﬁend plate connec-
tion iﬁ compression. -

The relationship between moment and rotation for the
end plate connection‘can be derived by integratiﬁg the be-
haviour of elemental lengths of.T—secticns, undef tension
or compression, where the T is comprised of a stem model-
ling the beam web and a flange modelling the end plate.

Fié. 1.1 shows an elevation and horizontal section of an
end plate conﬂection. By subdividing'the end plate into a
sufficient number of constituent short segments of finite

length, a combined effect, equivalent to that of the total

length of end plate, can be found.

1.4 Previous Work

kennedy (19665, carried out some tests to determine
the practicability of end plate connections. The limited
tests indicated that the connection would'perform satis-
factorily, but the tests were insufficient in number to
assess the behaviour'o§.the c;nnections with differing
geometries. " ' g

Sommer (1969), investigated the‘effect of varying

some geometric parameters. Parameters investigated included



.

I ..
_ the thickness of the end'ﬁlate,fthickness of web, gage
between bolt héles and. the overall depth of the connec£i n.
. . ‘
These tests led, to: _ |
ii. the,deve§ppment of a standardized mbpenﬁsrgta;ibn
curve within the‘fiﬁits of these feéts, .
2. the realization that end plate connections are
relatively flexible limiting the moﬁent trahsmittéd,
3. the deménsﬁration that the shear capacity is not
appreciably affected by the moment on the connection, and
4, ,the realization that previous repreé;htatiqns of
the beam-line, on moment~£otation curves for end connec-

tions, as a single straight line’ (McGuire 1968) were

/&ncorrect.

o T o



CHAPTER II
EXPERIMENTAL P ROGRAM

2.1 General

In devising the expérimental program, chieéf consiéera—
tion was given t¢é the behaviour of thé end plate connections
themselves when subject to shear and moment. Previous work
by Sommer (1969) had shown that the moment rotation behaviour,
whiqh depends on the depth of connection (or the number of
rows of bolts), the thickness of the end plate, and‘the gége
distance between the vertical rows of bolts fastening thé end
glate to the column, was independent of the moment-shear ratio.
Therefore, in the main series of tests reported here, the load
was applied to the beam cantilevering from.Epe test frame at
one lever arm only of 38.5 iﬁches=(978 mm) - as shown in Fig. 2.1.

It is recognized, when end plate connections are used for
framing a simple beam, that the bending moment changes from
the negative moment developed iﬁ the connection at the face‘of
the column to zero and then to a positive moment a short dis-
tance along the iength of the beam. Assuming the usual case
of a uniformly distributed load, the position where the moment
reverses depends both on the ratic of the end mpment deve loped
to the maximum moment in the beam and the beam span. For the
connections tested the location of zero moment was always

within the beam as given in Section 4.4.5.

5
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Under load, the top of the end plate deforms and is
pulled away from the colum. To determine ﬁhe relation-
ship between this defo;mation, that is, the amount the
plate pulled away from the column, and the tensile loéd,
a series of tension tests on T-gections, to simulate an
incremental length of the top of the end plate‘conqection
in tension,.was performed as descrigéd in Section 2.3.

In the lower portion of the eﬁd plate connection, as
the moment is increased, the end plate is pushed into the
beam web. To simulate this behaviour, and to arrive at an
understanding of how the loads were transferred, a series
of compression tests was performed, again on a simulated
part of thé end plate connection in t+he form of T-section
as described in Section 2.4. | .

'In additicn to the main series of tests on the end
plate connections themselves, the tension and compression
tests on the T-sections to simulate the bhehaviour of the
end plate above and below the neutrél axis, ancillarxy
tests were conducted to determine fundamental material
properties of the steel used for the end plates and for

the heam web. These tests are reported in Section 2.2.

2.2 Ancillary Tests

The beam and'plate material was specified. to be general

purpose structural steel, C.S5.A. Grade G40.21 44W {grade

c40.21 300W). Static tension tests were carried out in

.
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accordance with ASTM Standard A370 on coupons of two inch
(51 mm} gage length, cut fr&m'the plates and beam web.

Three plate thicknesses of 1/4, 3/8 and 1/2 “inches
(6.3, 9.5, and 12.7 mm} plates and tﬁree tension tests
were conducted on each.thickness.

One “beam size, WHF 27x106 (WWF 690x158) " was used
throughout the program and six tension tests were con-

ducted on coupons cut from the 7/16 inch (11.1 mm) thick
‘

web.

2.3 fTension Tests on T-Sections

2.3.1 Test Specimens

The top portion of the end plate of the beam-column
connection is subject to a tensile load when the beam is
loaded with transverse loads. To simulate this behaviour,
T-section specimens were tested under tension.

.5, The flanges for the specimens were cut from the same
steel that was used for the end plate in the main tests on
end plate connections.

Twenty-seven specimens were tested to represent the
different dimensions that were tested in the main end plate
connection tests.

Each spécimen consisted of two pieces of steel welded

to form a T with E 7018 electrodes, the same type as usegi

for welding the end plates to the beam web. The stem of

*
Not available in SI units.
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the T represénted part of the web of the beam, and the
flange a short seqmenﬁ.of the end plate. Fig. 2.2 shows
a tensile'Trsection specimen. ,

The width of the stems and flanges of all specimens
was 3 incheg (76 mm) , corresponding to the pitch of the
bolt holes used in the end plates of the main connection
tests,.?hus representing one pitch length of end plaﬁé.o
The length of the stems of all T-section specimens was 12
inches (305 mm), to enable each specimen to be held firmly
in the jaws of the Unive;sal Testing Machine used for test-
ing, and leaving a portion of the stem free for access to
thé test piece fo; measurements during testing.‘

Two different widths of 6 l/2 or 8 inches (165vor
203 mm) representing the two,different‘widths of the end
plates in the main tests were used. ‘Tﬁo 13/16 inch (20.6 mm)
diameter holes were d;illed iﬁ;each flange at a gage of
either 4 or 5 l/z‘inches (102 or 140 mm)bacéording to the
flange width with the edge distance in both cases held
constant at 1 1/4 inches (31.8 mm), the same as for the

main tests.

The thickness of the flanges of the tension specimens
1/4, 3/8 oxr 1/2 inch (6.3, g.s or 12.7 mm) corresponded to
the end plate thickness in the main tests.

Table 2.] shows the combinations of plate thickness

~and gages of the tension tests conducted. A typical test

PRIy S e
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was designated at T-9-3/8-4, where the T signifies a ten-
‘sion'test, the 9 the sequential test number the 3/8 the
plate %lange thickness in inches of the T-section and the
4 the gage distance in inches. i

The specimens for test nymber 1 to 12 were welded at
the Clvil Engineering Laboratory of the Unlverslty of
Wlndsor, while specimens.for test numbers 13 to 27 were

welded in a stéel fabricator's shop.

2.3.2 Test Equipment and Instrumentation

A Universal Testing Machine, Fig. 2.3, with a capacity
of'l20 kips (534 kN) was used. to load the T- section tension
spec1mens. The jaws of the mach;ne grasped the end portion
of the. stem of the spec1men cn the one end and a heavy rec-
tangular loading block with a gage of 4 or 5 1/2 inches
{102 cor 140 mm) was polted to the flange of the T-section
on the other as shown in Fig. 2.}2_

The movement;of the flange of the T awa? from the load-
ing block, - the latter simulating the flange of the column
- was measured by two dial gages-wiﬁh bases attached to the
stem of the T-section and spindles resting against the load-
ing block. The least reading of the dial gages Qiﬁh a range
of, one ‘inch (25.4 mm) was 0.001 inches (0.025 mm).

As the test progresged, the distance between the ceh~

ters of the holes of the flange decreased, and this change

was méésureﬁ on both sides to the nearest 0.001 inches

IR S
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(0.025 mm} using calipers'held ih'plaqe by a magnet bearing
against the 1/8 inch QB‘fmnI diameter -pins installed op-
posite the holes. .

¥

2.3.3 Teséing Procedure

The specimen, bolted to the loading block with two
 J I
3/4 inch (19 mm) diameter A 325 bolts torqued to 360 ft.

lbs. (488 N.m), was firmly grasped in the testing maéhine,
the calipers and dial gages were mounted and zero ;éadings

were taken.

+

The load was applied in increments based on. the anti-

cipated behaviour and readings were taken.

Tests were terminated when the plate or the weld

failed.

2.4 Compression Tests on T-Sections

2.4.1 ™M™est Specimens

. The bottom portion of the end plate connection is
subject to compregssive forces as the end plate is forced
into the web of the beam. The force in the end plate
spreads downward into the web. To simulate this behaviour
and tg determine how the load spreads out, twelve T—éection
specimens, cut from the 1/2 inch (12.7 mm) thick steel
plate that was used for the end plates in the main tests,
were tested under compression;,

Each specimen consisted of two pieces of steel welded

perpendicular to each other with E 7018 electrode as shown
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in Fig. 2.5. The stem of the T-section represents part of

fthe.weﬂuof the beam while the flange simulates a segment of

the end plate. By testing.3 different lengths of simulated
end plate as shown in Fig. 2.5 it was hopéd to be able to

distinguish be tweatr %he compressive force transmitted per

‘unit length of end plate and the compresgsive force result-

ing from the spreading gut in the web.

Following preliminary tésts, conducted to get an ap-
preéiétion of the behaviour of the compréssiOn zone at the
ends of the end ﬁlate, the deformation measuremegé sy;tem
evolved from that shown in Fig. 2.5.1 to that in Fig. 2.5.3.
In all cases measurements were nade using dial gages sup-

ported.on the platten with spindles again§t long 1/8 inch

diameter pins snug fitted“in the holes drilled in the simu-

: -"éi?ed.web plate at several- points.

-

* Table 2.2 gives the matrix of compression tests on
T-sections. A typical ccmpreésion test was designated as
C-5-3-2, where the C signifies a compression test, the 5
the sequentiél test number, the 3 the length of the end
plate in ;nches and 2 the second pattern. of gaging.'

The specimens for test numbers 1 to é wére we lded
at the Civil Engiﬁeering Labératory of the University of
Windsor, while specimens for test number 7 to 12 were

I

welded at a fabricator's shop.
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2.4.2 Test Equipment and Instrumentation

The Universal testing mwachine shown in Fig. 2.3 with
a maximum capacity of 120 kips (534 kN) was used for the
first three tests and thereafter the specimens were tested
using a-compression testing machine of capacity of 300
kips (1334 kN). ‘ .

A steel loading plate 10 inches (254 mm} long by 5
inches (127 m) wide by 1.25 inches (31.7 mm) thick with
a central longitudinal rectangular groove 1/4 inches.
(6.3 mm) deep by 9/16‘iﬁéhes (14.3 ﬁm) wide was placed
on top of the specimen and a swivel'base was placed be-
neath for testing. The sp;ndles éf the dial gages were
placed against portions of the steel réds (snugly fitted:
into the holes drilled into the spedimens as.shoﬁﬂ%ah

Fig. 2.5) that were ground flat.

2.4.3 Testing -Procedure.

Before testing a stress coating was applied to the
two sides of the weﬁ of the specimen.

A relatively small load, less than 500 pounds (2.2 kN)
was applied to the specimen to hold it iniplace without
movement while 'the dial gages were positioned and. initial
readings were taken.

The lééd was applied in increments and readings of

.

the dial gages were taken.

The mazimum applied ccmbressive load recorded in each '

ep—
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test was when the extreme ends of the web on both sides

of the flange plate of the:.specimen had deformed suffi-

ciently to bear on the gwivel plate.

Fig. 2.6 shows a T-section compression specimen

.

placed in the testing machine between the swivel and

the special loading block.

2.5 Tests on End Plate Connections

2.5.1 Test Specimens

Ordiﬁary shop procedures were used to fabricate the
end plate connection test specimens. No special care or
technigue was called for, so that the test specimens
would be of the same standard as’ those normally fabrica-
ted.

One size of beam WWE 27x106 (WWF 690x158) was used.
With a span to depth ratio of 24 this beam could be used
on a span of 54 feet (16.46 m). Limitiﬂg the live load
deflection to 1/300 of the span and us%ng dead and live
load factors of 1.25 and 1.50 the yield moment is attained
on this simple  beam span when the dead load of 44% of
the live load of 1.30 k1lf (19.0 kN/m). The corresponding
factored shear is 72 kips (320 kN). Four beams each 44
inches (1118 mm) long Qere prepared with an end plate wélded
at each end to enable each beam to be used for two testél

The end plates were saw cut to the different sizes

*
Not available in SI units.
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and the bOltlﬁoles were drilled at the required pitch and
gage. The vertical pitch of all 13)16 inch (20.6 mmi dia-
meter holes for the 3/4 igbh (19 mm) diameter bolts was

3 inches (76 mm) while the horizontal gage distance was
either 4 or 5 1/2 inches (102 mm or 140 mm}. Beam and
plate details are given in Figs. 2.7 to 2.10.

The despest cénnedtions - 24 inches (610 ﬁm) in
depth - have 48 inches (1219 mm) of 1/4 inch (6.35 mm)
weld with 16 A 325 bolts of 3/4 (19.0 mm) diameter. Such
a connection could develcp the full factored shear\éapacity
of the web, for when using nominal values for the yield
strength of the web, and the ultimate strengthé of the
bolts and welds, the factored capacity of the bolts and
welds are 11i: and 122% of the factored web shear capacity
respectively. - :

By egusz.rg the uniformly distributed load to cause
the attainmen® of the yield moment, R ovS/tho that
 causing sh=zr yield of the web 2 x 0.&6 oy d.w/L the'
the simple span,L , can be found for which both conditions
occur simultaneously. This is computed to be 12.62 fee%
(38.47 mm).

The shallowest connection, 1/2 of the deepest, has a
factored shear capacity controlled by the capaéity of the
bolts of 55% of the factored web shear capacity. For

this capacity to be reached simultaneously with the yield
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moment in the centre of a simple supported beam with a
o .

uniformly distributed load the span length is 24.53 feet

(7477 mm). The shear c¢apacity of this connection is more

than twice that needed for a beam of span to depth ratio
of 24 spanning 54 feet Qhen,its capacity is simultaneocusly
controlled by a live load deflection of 1/300 and yield
attainment of the moment at the centre line. )

End plates were welded, Lsing E‘7018 electrodes, at
right angles to the end of the beam with a 1/4 inch
(6.3 mm) fillet weld running the full depth of‘éhe plate
on each side of the web of the beam. ‘

Dial gages, affixed to the web by bolting through

1/8 inch (3.2 mm) diameter holes.lccated in a vertical
line 3 inches (76 mm) from the end of the beam, were used
to measure the relative movement of the beam (and hence
the distortion of the end plate assembly) with respect to

the testing face. In particular two gages were mounted

1/4 inch (6.3 mm) above and below the.bottom end of the

, end plate.

Table 2.3 bresents the matrix of end plate connec-—
tion tests. For a test designated as'E—5—4—5/8—5 1/2
the E signifiés an end plate connection tesﬁ: the 5, the
sequential test number; the 4, the number of rows of
bolts connecting the end plate to the column; the 3/8,

the thickness of the end plate tested in inches) the -
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5 1/2, the horizontal gage distance between the two ver-

tical rows of bolts in‘inches.

2.5.2 Test Set-Up and Equipment

Figure 2.1 shows the test set-up to determine the
moment-rotational behavieur of the end plate connectiqme,
with the beam bolted through the 'end plate to the coiﬁmn
of the test frame.

The frame was held in placé by tack welding to the
floor and supporting the top laterally by connections to
a fixed rigid loading frame. The frame was positicned |
such that the hydraulic loading jack, reactind against
the‘beam; was located at 38.5 inches (97.8 mm) from the
column flange face.

The-flange of the column had holes drilled to receive
the bolts on 3 horizontal gage of 4 inches and 5 1/2 inches
(102 mrm and 140 mm) and a vertical pitch of 3 inches
(76 mm) |

~

By puttlng shim plates between the end plates and the

column flange the same length of bolts - 3.5 inches (89 mm)

- as used in the f?section tension tests could be used.
.Between the hydraulic jack and the beam a hardened

spherical head and a nest of hardened rollers were pro-

vided to allow rotation and lateral movement of the beam

with respect to the jack which was maintained in a ver-

tical direction a constant distance from the column flange

MpRSw
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as shown in Fig. 2.11.

2.5.3 Instrumentation

2.5.3.1 Load Measurement

A previously calibrated Universal flat load cell with
a capacity of 100 kips (445 kN) interposed between the jack
and the spherical head was used to measure the load applied
by the hydraulic jack as shown in Fig. 2.1l.

2.5.3.2 Beam Deflection

The -deflection of the free end of the béam during ioad-
ing was measured by two dial gages with 3 inch (176 mm) tra-
vel mountgd oﬁithe top of the bottom flange of the beam as
shown in Fig. 2.12. These deflection readings were used to
monitor the behaviour of the connection during testing, to
decidern ioad increments to be used and to assist in de;
_tecﬁing when the bottom flange of the beam touched the
column.

2.5.3.2 Beam Rotation

The rotation of the beam relative to the column was:
obtained from the measurements of the movemeﬂts of the top
flange of the beam away from the column and of the bottom
flange toward the column.' Four dial gages, two at the top
énd two at the bottom were used for this purpose. The
desqs of the gages were fastened magnetically to the upper
surfaée of.the top flange of the, beam and to the lower sur-

face of the bottom flange, on each side of the web with the
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spindles resting against the column.

Figure 2.13 shows the positioning of these dial gages

~as well as many dial gages affikéd at intermediate loca-

tions. These latter gages were subsequently abandoned.

2.5.3.4 Plate Deformation

As the upper part of the end plate connection was
pulled putward from the column duriﬁg loading there was
a tendency for the vertical edges of the end plate to
move horizontally toward each other.

This horizontal movement was measured by three dial
gages placed on each side of the end plate with their
bases fixed to the column and their spindles resfing
against the edges of the end plate, spaced 3 inches
apart vertically starting fram the top of the end plate

as shown in Fig. 2413.

2.5.4 Testing Procedure

Bach test beam was hoisted into place using the
iébo;atory crane and the end plate was bolted to the
column using 3/4 inch (19 mm) diameter A 325 bolts B
torqued to 360 ft. 1lbs. (488 Nm) using a torque wrench.
The head end of the bolt was against the end platé and
the nut on the inside of the column flange. A washer

was placed under the nut.

The end plate and adjoining web arqg_gééé sprayed

‘with a stress coating material so that local yielding
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could be observed.

With the dial gages in place, initial readings were
recorded and the load was applied in increments according
to the anticipated behaviocur of the connection and read-
ings of all the dial gages were. taken.

* Tests were terminated when either the plate or the

weld exhibited failure causing the applied load to de-

creagse with increasing deformation.



CHAPTER IIT
EXPERIMENTAL RESULTS

3.1 General
The quantitative results of the various experiments -
are first presented in the form of tables or curves that
relate, in general termé, the load to deformation. A
qualitative presentation of the overall behaviour is also
given. The results of the ancillary tests on tension
coupons are given in Section 3.2. Section 3.3 gives the
results of the tension tests on the T—speciméns; section
3.4, the results of the tests on the compression tests on S
the T-specimens and section 3.5 gives the results of the
tests on the end plate connections themselves. In Appendix
I detailed observations of each of the end plate connection

tests are presented.

3.2 BAncillary Tests

The results of all the static tension tests on coupons
cut from the steel plates used for end plates and beam webs
are summarized in Table 3.1. All deformaticons were measured
on a 2 inch- (31 mm) gage length.

The average yiel@ stresslmgnd ultimate strength for

the 1/4 inch (6.3 mm] plate were52.5 ksi (363.6 MPa]l and

20
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78.5 ksi (541.2 MPa) respectively, while for the 3/8 inch
(9.5 mm) thick plate the values are 42.2 and 65.5 ksi
(291 ‘and 451.6 MPa) and for the 1/2 inch (12.7 mm) plate
42.2 apd 64.1 ksi (291 and 442.6 MPa). The modulus of
elasticity was 6eterminéd to be 30,000 + 359, <385 ksi
(206, 841 + 24753, -2654 MPa) for all the plate tests.

The beam web on the basis of six testsl has a yield
strength of 47.4 ksi (326.8 MPa) and an ultimate strength
of 76.5 ksi (527.4 MPa) with a modulus of elasticity of
‘30,000 + 3,500, - 1,700 ksi (206 841 + 24 131, - 11 720 MPa).

Figure 3.1 shows a typical stress—-strain curve as
obtained on a test on the 3/8 inch (9.5'mm) thick end plate

material.

3.3 Tension ©25ts on T-Sections \\ =

3.3.1 Tsvsion Versus Angle of Deformation

In Figs. 2.2 through 3.11 are plotted the tension
develovoed versus the angle of deformation of the end
‘plate, as discussed later, for the tension tests on the
T—séctions for flahge thicknesses and gage léngths respec-
tively as follows, with 2 figures for each combination:
1/2 inch (12.7 mm) and 5.5 inches (140 mm); 3/8 inch
(9.5 mm) and 5.5 inches (140 mm); 3/8 inch (9.55 mm)
and 4 inches {102 mm); 1/4 inch (6.3 mm) and 5.5 inches
(140 mm); 1/4 inch (6.3 mm) and 4 inches (102 mm).

In all, 27 tests were conducted. Also shown in the

figures are analytical curves derived’as discussed in
Chapter IV.

.

[—
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A

From Fig. 3.12,showing an undeformed and deforned

plate, the angle of deformation is calculated as,

a = tan-l Z%E

-

where, : .

a = movemeﬁt of the piate element. away from the
loading biock, the average of the two dial
gage readings. -

£ = initial average distance between the toe of the
fillet weld and the adjacent edge of the hole in
" the plate, and

e = one half the horizontal movement between the

centres of the bolt holes in the flange plate.

3.3,2 Overall Behaviour

The tension tests performed on T-sections specimens
all exhibited the same general overall behaviour:

1} At very low loads deformations appeared to be

~elastic with a linear relationship between the applied

load and the angle of deformation,”a.

2) At still relatively low lcads, yielding was
observed near the toe of the welds and on a line approxi-
mately at the inner edge of the bolt holes indicating the

formation of plastic hinges along these lines.



3} with further loading the gap betweﬁs the T-

Section and the loading block increased significantly.

Inward lateral movement of the extreme edges of the

flange of the T-section was observed_ss ségp took place
at the bolts and inelastic deformation of the bolt holes )

occurred. At this stage it appeared that the tensile

load T is being carried by the plate agting predgmin&ntly

as a membrane. ?

L]
™

4) Pailure of the specimens generally occurred with’
.' - .

the formation of a longitudinal crack at the outer toe of
the fillet weld on one &r both sides of the specimen.
' Attempts to increase the load would lead to propagation

.
of the crack along the plate until rupture occurred.

Pigure 3.I3 illustraéeé the large gap that‘ﬁeveloped
between the T-section and the loading block and a fracﬁﬁre
line. To locate the position where plastic yield lines
form as discussed above, thrée séécimens of the‘T—Section
rt;néipn tests were sectioned by cutting the 3 inch (76 mm)

iength into 5 portions 0.6 inch (15 mm) wide.

Traces of the-cross section given in Fig.‘3.14'show

—

that the hinges can be considered to form at the toe of

the fillet weld and at.the inner edge of the bolt hole.
n . ) .

3.4 Compression Tests on T-Sections

3.4.1 Compression Versus Deformation

s . I

On Figs. 3.15 to 3.21 are plotted the‘cdmpressive
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load in }¢ps applied to the T-section versus the deforma-
tion A, in‘inches as measured between the gage locations in-=
dicated and the suppdrting platten of the loading machine. K
‘Each curve on a figure represents the average of the four
measurements taken at the same diséance froh_the edge of
the end plate, ;wo on t%e obverse and two oh the reverse _
. face of the web plate. On Fig. 3.21 the results for testé
7, 8, ¥ 10, 11 and 12 are summarized. Here are plotted

the deformations, found to be most significant taken at

a location 1/4 inches (6.3 mm}, {locations 1, 4, 5, 8), away

_from the edge of the end plate.

' 3.4.2 oOverall Behaviour

The general behaviour of the T-sections, when tested

in compression is as follows: |

i) At low loads the specimens deform elastically
as evidenced by linear load deformation curves and the
observation of no cracking of the stress coating;

ii) As the load is increased yielding of the si-
mulated web plate {the upper plate) begins at the énds of
the end (lowerj plate;

iii) With further loading the yielding of the web
plate spreads to eventually cover the entire length of
the end plate (lower plate)} and beyond both itq ends;

iv) The end plate 1is pﬁshéd up into the web platé

until the extreme edges of the web plate touch the machine
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platten., Figure 3.22 shows a compression test after testing.
Two specimens, the test results of which are not repre-
sented here, failed by buckling of thé web plate before the
web plate was deformed sufficiently to touch the\plattenl
.This behaviour resulted becauée the web plates were not
welded at right angles to the end plate and the spec¢imens

were therefore loaded eccentrically.

-

3.5 Tests on End Plate Connections

3.5.1 The Moment Rotation Curves

Thé results of the tests on the end plate connection is
presented in the form of the moment rotation curves plotted
in Pigs. 3.23 to 3.30. Exberimental data are also_given in
Tables 3.2 to 3.9 where is also tabled.the theoretical moment
as determined in Section 4.4.3.

The moment is the cantilever moment resulting from the
dead wéight of the loading system and the applied load of
the hydraulié jack acting at the lever arm "L". ‘

Figure 3.31 shows schematically dial gage, spindles at
distances ht-and hb above the top and below the bottom
flanges. of éLg beam respectively from which the angle of
rotation is determined to be:

b3

LT P Ty

-1
d+ht+ b

b ]
'in which T, is  the extension given by the top gage, ry is
the contraction given by the bottom gage and d is the

depth of the beam.

v

1
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3.5.2 Overali Behaviour

All the moment rotation curves exhibit the same
characteristics from which the overall behaviour of the
connection when subject to shear and moment can be
sunmarized as follows: A
| il Even at very low loads inelastic action occurs
as the curves have very limited if any'liﬂear’portions;

ii) With increased loading as the moment rotation
curves become flattened, cracking of the stress coating
occurs on the upper part of the end plate adjacent to the
toes of the welds and betﬁeen the bolts. Yield lines at
these locations are forming and gradually progress down-
wards as shown in Fig. 3.32 for Test 7.

| iii) Further loading causes spalling of the coating
on the web adjacéent to the bottom end of the‘end plate as
shown in Fig. 3.33. L

iv}) The outward movement of the top portion of the
plate from the column becomes very evident and the yielded
zones in the end plate increase in size;

v] The rotation of the connection is now relatively
large and is attributed also in part to the end plate beiﬁg
pushed into the web plate with very severe inelastic
distortions of the latter. The bottom flange:of the beam,
comes in contact with the column;

(

vi) Further loading causes little deformation at the
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bottom of the beam with the flange bearing against the
column and suhsequent rg;atioﬁ results almost entirely
from the outward moveﬁénf of the top of the connéction.
Rotation now essentially takes place about the bottom
flange of the beam. With the shift in the neutral axis
and the increased effective depth of the connection it
becomes much stiffer as shown by the sharply increased
slope of the momené rotation curves;

vii) Cracking at the toe of the welds injthé end
plates sgtarting at'the top finally occurs. With continued
deformation the cracks progress downward énd‘the connection
is only capable of carrying a reduced load. ‘

At low'loads plaétic hinges tyield lines) tend to
develop'ip the upper portion of the end plate at the toe
of the welds and near the line of the bolts, as the end
plate moves away from the column.

The thinner the end plate, the less its yield capacity
and conversely the greater is its flexibility. Thus this
action odcurs at relativély low loads with the 1/4 inch
thick end plate., In the end plate connection tests with
plate thickness of 3/8 and 1/2 inches plates pronounced
prying action on the bolts in the tension zone occurs with
significant deformation of the bolts, although no bolts
fractured. The bélts' deformaticn, of course, increases the

rotation of the connecticon and caompensated parﬁly for the
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Aecreased flewibility of the thicker plates.
Figure 3.34 shows d;formed bolts for test
E 6-4-1/2-5,5. Figure 3.35 shows the large gap that

develops between the end of .the beam and the column at

the top of the connection. -

3.5.3 Deformation of Connection as a function of

Depth

In some tests measurements of movement of the beam

. web with respect to the column face were made by fixing
a series of dial gages on a vertical line 3 inches away
from the column face. Fig. 3.36 presents the results of
such measuraments for test E-6-1/2-5.5 at loads of 5,
10, 15, 20, 25, 30, 50 and 60 kips (22.2, 44.5, 66.7, 90,
112.2, 133.%, 222.4, '266.9 kN) and shows that the movement

varies linzssrly with depth.

\\ 3.5.4 pPosition of Centre of Rotation

Thé lozation of the centre of rotation of a flexible
end plate connection subjected to moment, appears to
depend on the depth of the connection and to vary with
load even before the>beam flange bears against the column.
After the beam flangé contacts the column the cenktre of |
rotation shifts to a point near the bottom of fhe.beam.
ﬁhen the beam flange is about to come into contact with

the column the centre of rqtation is from 65 to 95% of
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~ the depth of the connection beﬁéw-the top end as shdwn'on

Fig. 3.37 to Fig. 3.41, where are plotted the variation
of the neutral axis measured fram the top of the end
plate as a function of the end rotation for the eight

beam tests. These data are also presented in tabular

form in Table 3.10. .

el A i el - e At S
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CHAPTER IV

ANALYSIS AND DISCUSSION

4.1 General

The experimental results of tension tésts on the
T-sections are discussed and'analytical relationghips
between force and def05mation are developed.” A study
and analysis of the compression test results on T-sections
leads to the development of a stress diéplacement relation-

shi§ applicable toc all of the compression tests. The

'analytical relationships for the tension and compression

tests are then used to establish an analytical method for
the prediction‘of moment-rotation behaviour for end plate
connections. Tﬁe method of analysis presented includes the
determination of the position of centre of rotation of the
end platé and the éorrespondiﬁg moment and rotation for all
moments up to that which causes the bottom flange of the

beam to come into contact with the column.

4.2 Tension Tests on T-sections

4.2.1 Analytical Relationship Between Force

and Angle of Deformation
T

Visual observations incidicate that two limiting modes

of behaviour of the T-sections exist. As load is first

30
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applled to the T-specimen, the flange of the T, (simulating

the end plate) bends at the toe of weld and near the edge'of
bolt hole and plastic hinges - yield lines - are formed at
these two locations. The plate is being subject to bending

moments and é flexural analysis would be appropriate. 'Witﬁ‘

. increased loading, tensile straining of the plate becocmes

dominant, indicating that the plate is now acting as a
membrane.

The shift from one mode to the other is gxédual as
the tensile strains, due to membrane action, gradually

erase the flexural strains. An analysis, taking into account

both the flexural and membrane action,is therefore

appropriate.

4.2.1.1 Elastic Flexural Analysis

The observed location of the yield lineg when the
T-section exhibits flexural action are shownf;chematically
on Fig. 4.1l. ‘ -
Prom the free body diagram of the half plate shown in
Fig. 4.2
' 4M

T=—£— ’ (4.1.)

For elastic conditions the displacement, a, in the direc-
tion of the web is

a = “X— ' (4.2)
24ET
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where
. . .
E = modulus of elasticity, ksi
3
- bt @

moment of inertia of the rectangular cross
section of the plate, in4

b

.width of plate, inches, and

t

thickness of plate, inches.

¢

The angle of deformation is

-1 a

o =Atan 2 _ (4.3)
and thus
v ="22L tan o | (4.4)
L . )

For small values of o, this relationship is plotted in
Figs. 3.2 - to 3.1l as a linear between T and a up to the

load T=T_ that causes yielding throﬁgh the cross section

p
where the moments are at maximum. The line lies close to
the experimental results for low values of load, but the
experimental curves diverge from the straight line at
loads much less than Tp as wouldiresult from the effect

of gradually yielding of the cross section and exéggerated

. -y
by residual stresses.

4.2.1.2 Combined Flexural and Membrane Analysis

‘When both tensile forces and moments act on a section,
and when the section is stressed throughout to a maximum

stress g, either in tension or compression, the stress

[ Y
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distribution acreoss the cross section is as shown in Fig.

4.3,

whera

~t

The moment acting on the section is given by

2.

M = ob (-E— - &4 (4.5)

t = the thickness of the plate,

0
It

half the thickness of the tensile zone

b = the width of the plate, and

Q
il

the maximum stress
The tensile force on the section is

P = 20bc {4.6)

The maximum moment resistance of the section under

pure moment s

2

= t ’
Mu = cb T (4.7)

The maximum tensile resistance under axial tension

only is

Pu = obt .(4.8)

Substituting Equation 4.7 in equation 4.5 gives

(4.9)
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From Equations 4.6, 4.8 and 4.9, the moment and tension

acting on the section concurrently is given by

2

=1 (4.10)

M
nt T2
u

"dl'U

u

‘Fig . 4.4 shows a free body diagram for a deformed T-

section tensile specimen. Summing forces in the Y-direction,

the tensile force, T, is
T = 2P sin o + 2V cos ¢ (4.11)

where P and V are the tensile and shear forces respectively

in the plate.
Fig. 4.5 shows a free body diagram for the portion

of the plate between the toe of the fillet weld and the

{
edge of the bolt hole, from which the shear force is

vV = 2M cos (4.12)

£
Combining Equations 4.11 and 4.12, the tensile force
in the wab, T, is expressed in terms of the moment and

tensile force in the plate as

T = 2P sin o + 4 M cos2 o (4:13)

£

Substituting for the value of M from Equation 4.10
\
into Equation 4.13 the tensile force T is given by

- M ' M
/r T = 2P sin a + 4 cos®a -2 - 4 cos2<1—3-(?~02 (4.14)
- £ L P,
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Setting the partial derivative of T with respect to
P equal to zero gives

g%=2sinu-~8coszuTu;-P—2=O (4.15)
u
and hence
" : £ ?uzsin 0
P = {4.16)

4 cos aMu

The maximization is physically egquivalent to stating
the force T will be carried in the most direct manner.
Substituting this value of P in Equation 4.14 gives T in

terms of ultimate moment and ultimate tension in the end

plate as
' 2 M_.
T = é%%ﬂ_ﬁ Pu2 + 4 cos® a -2 (4.17)
u 9 £

An examination.of the specimens indicated that the
strains at hinge locations are extremely large suggesting-
that the moment capacity be based on the ultimate stress ¢,
while between the hinges the strains are less suggesting
that the tensile force developed be hased on the yield
stress cy. Thus for these conditions Equation 4.17 is
written

9 M

_ Ltan“a P 2, 4 cos2a—E

T = 255 (4.18)
u

This analytical equation is plotted together with the

experimental results on Figs. 3.2 to Fig. 3.1l1l.

?
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The analytical éxpression for combined flexural-and
membrane action lies close to the experimental curves for
values of a above about 0.1 radians. For, lewer values
the analytical exp;ession, in general, lies-considerably
above the experimental curves. This is attributed to the
fact that yielding occurs gradually through the thickness
of the plate whereas the analytical expression is based
on a maximuim stress. whether in tension or compression

through the total plate thickness.

4.3 Compression Tests on T-Sections

4.3.1 InveétigatiOn of Area Subjected to Compression

The web plate adjacent to the end plate (over the length
located below the neutral axis) is subject to direct compres-—
sive forces. 'Directly below the end of ﬁhé end plate,
compressive forces will exist in the web plate dﬁe to the
compressive load sprpading out. This ﬁorée'should be -
eonsidered when calculating the_tbtal compressive force
accommodated by the connection due to an applied end moment.

Fig.-é.ﬁ shows a T-section' compression specimen
- simulating part of the end plate connection below the
neutral axis. When subjett to load, the compressive force
is agsumed to spread out beyond the ends of the flange of
therT-éectiOn. :

At the location where the deformation was @easured

(one inch (25 mm) from the flange toe), the length over

e Smsusa
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4
-

which spreading out has occurred is denoted by 's'.

. L 4
For a uniform compressive stress ¢', the total
- compressive force is
C = o'wda+ 20'ws - (4.19)
wbere -
C = the applied compression force
o'= the average compressive stress at one inch
(25.4 mm) from the flange face
w = the web thickness
d'= the length of the flange of the T, and
s = the'length over which spreading out occurs.
By rearrangind;Equation 4.19
- g=S.-% (4.20)
20'w 2 .

C%ﬁ

To study the variaion of 's', a statistical study of the
experimental results of the compression tests was garried

out.

\ . :

4.3.2 Statistical Study of the lLength of Spread

out | .

Equatioﬁ 4.20 was used to determine the expergﬁentair

values.of 's' for different T-section compression tests,

-

as follows:

Foreall tests the value of C was found qorresponding

to several constant values of displacements such as 0.22

[asd !
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inches (5.6 mm), 0.24 inches (6.1 mm) displacement, and
the maximum displacement. At éhese displacements the
compressive stress would be relatively large. The 'length
d;ﬂwas chosen as eiﬁher thg length of the flange p*ate or
out to out of weld returns as measured for the test.
Using a consistent value of o' of 64.1 ksi (443 MPa),
the. ultimats strength of the 1/2 inch plate used in the
tests, the least variation in 's' was obtained by.using 4’
equal to the length of the'flanée plate. On this basis
the mean value of 's' was found to be 1.11 inches (28.2 rm)

when the maximum load C was applied and 0.934 inches

(23.7 mm) for applied load causing a 0.2 inches (5.1 mm)

deflection. Because these measurements were at distances
of one inck ‘25.4 mm) from the flange plate, an angle of’

the spread-cut of the compression force beyond the end
: y

of the plate ¢ 45° appears reasonable. ’

4.3.3 tress Displacement Relationships

g ¥ . -
Ey considering the force te spread out at an angle of

45° beyond the ends of thg flange‘plafe, the results of
all the compression tests,. irrespective of the length of
the_flaﬁge plate can be represented onrong graph of 'stress
versus displacement as shown in Fig. 4.7. On the same
graph the mean curve for all results is plotted. The
relatively narrow band of test resulfs indicate; that

the use of a spread-out angle of. 45°. is "appropriate.
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“rom the mean curve, it is seen that first an elastic
 behaviour exists followed by inelastic behaviour which may
be representad by-a.polynomial.‘ ‘

For the elastic portion, applicable up to a sftess of

24 ksi (165.5 MPa) the expression

o = 20008 ' S (4.21)
where

J.= the applieq compressive stress, ksi, and
A = the corresponding displacement, inches fits

the mean curve well:

" Above & stress of 24 Ksi (165.5 MPa) the expression
/

) = . tl ' -
o= <21.2 + 45.48 - 241.06% 4 310.00%"° (4.22)
is valid.
These cufves, alsé shown on Fig. 4.7, are in good

agreemant w.:ih the mean curves for all the tests.

F

4.4 pradiction of Moment Rotation Relationship

for End Plate Connections

When an end plate connection is subjécféd to a moment,
the resulting deformation varies along its depth. While
the extraxe end in tension may have developed plastic
hinges, the material ngar.centre of rotation behaves
elastically. Therefore, no single stiffness can be used
over the full depth of the connection nor for changing

moments to predict the moment rotation relationship.
.
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For any of the end plate connections_tested, the first
portion of the experimenﬁal M-8 curve indicates a certain
stiffness of the connection; the slope of the M-8 is rela-
tivelf gteep and little deformaé%on of the‘plate oceurs.

The yielding of the connection in tension at:the upper end,
with plastic hinges forming, and in the beam web in gompre;sion
at the lower end, causes the stiffness to decrease and the

M-8 curve tends to flatten out. Eventually the beam flange
comes into contact wi;h the face of the supporting member

and the stiffness is considerably increased once again.

Below the neutral axis, there are two distinct phases
separated by the inétant when the rbtation of the connectién
causes thé bottom flange of éhe beam to come in contact with
the column. 'Prior to this, fhe end plate'below the neutral
axis is the only source of compressive resistance. It is
pushed into the beam web indicating that the compressive
force is déveloped by yielding of part of the cross sectional
area of the beam web below the neutral axis. |

After the bottom flange of the beam contacts the column,
sufficient compressive force to balance the increasing ten-
sion developed by the top portion of the plate appears to be
obtained by bearing, with little deformation of the beam
flange occurring.

The analysis in this study is concerned only with the
moment rotation relationship prior to the beam flange coming

into contact with the column. In all tests, contact did not
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occur until the rotation exceeded that corresponding to -
vielding of a simple beam of a span to depth ratio of 24

and a vield strength of 44.0 ksi (303.2 MPa).

4.4.1 Methodology

Given here is a method of predicting the moment-rotation

behaviour of a single end plate connection based on the pre-

ceding analvsis of the behaviour of the short T-sections in

" compression and tension.

The method begins with the input inko the computer pro-
gram descrlbed subsequently of., the material and geometrlcal -
propertles for T-gections simulating a unit length of the end
plate where the flange of the T represents the end plate and
the stem represents the web of the beam. Material propertles
required are the yield aﬁd ultimate strengths of the end plate
and of fhe*beam web. Ceoletrical properties_required for the
T—sectlons z-= the thickness of the end plate, the gage of the
bolt holes, and the beam web thickﬁess. As well the overall
depth éf the connection is required.

Fig. 1.1 illustrates how an end plate connection is as-

sumed to be subdivided into a number of short lengths ox

segments whose combined resistance to compression or tension

is consxdered equ1va1ent to that of a single end plate of the

same total Iength subject to moment.

With this approach it should be possible to predict

the moment rotation characteristics of a flexible connec-
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tidn without dependence on laboratory tests results,
knowing only the material and geometrical properties .of
the connection and the analytical expressions derived

for the end plate segments in tension and compression

and the location of centre of rotation.

4.4.2 Location of Centre of Rotation

Based on the analysis of T-section tension tests_
and T-section compressibn tests, as discussed in
Sections 4.2 and 4.3, respectively, the theoretical
location of the neutral axis for a certain rotation is;
obtained by knowing that the sum of horizontal forces
(r-C) = 0. >

The deformation along the depth of the connection

is assumed to be linear as was found experimentally. For

some given angle of rotation a preliminary position of the
neutral axis is assumed. For this angle the tension and
compression forces at incremental_d%stances above and )
below the neutral axis respectively, are calculated based
on the deformation at the distance as a function of the
angle of rotation, according to the derived analytical
relationships for tension and compression versus defof-
mation.q

If the tensile and compressive forces so calculated
do not satisfy statical equilibrium, a neQ location is

chosen for the same angle of rotation until statics is

satisfied (B-C=0).
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A computer program has been developed to carry out

this iterative procedure expeditiously.

v

4,4,3 Theoretical Moment Rotation Curve

Hav;ng established the position éf the neuErai.axis
for a given angle of rotation, the corresponding bending
momant iy ﬂétzrmihed by summing moments of the tension and
compression forces to give one point on the moment rotation
curve. The procedure is then’repéated sﬁarting with another

_ . - +

assumed value of ?bé rotation.

The compﬁter program that has been developed is given
in Appendix TI. : ‘ i

In the program the depth of thg cénnection is sub-
divided into elemental strips_of one inch width measured
both ways {rzm the neutral axis. |

A comzzrison between the experimental and analytical

coon curves for the beam tests is given in Figs.

¥)

moment xot

4.8 to 4.

1
[
i1

moments up to that corresponding to the

H

- fo
rotation where the beam flange came into contact with the
column flangé. Also plofted én these figures are beam

lines representing first yieldinhg at Ehe extreme fibre

and complat2 yielding through the depth of the cross-section
of the beam at the centre line for a WWF27x106 beam with
yield strength of 44" ksi and length of 54 feet whén
uniformly lcoaded. The 54 foot lenath corresponds to a span to

depth ratio «f 24 which is not likely to be exceeded in -
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practice. The beam line for camplete yie;ding through
the depth, that is for the beam when it has reached the
fully plastic moment, Mp, at the centre line has been
drawn assuring elastic-plastic moment rotation behaviour
of the cross-section. - \

Tn none of the tests did the beam flange contact the
column until the beam line rotation was surpassed. Thus
even for this large span to degth ratio the connections
had adequate flexibility.

The'énalytical curves for the eight tests afe in
reasonable agreement with the experimenﬁal curves which
represent a wide variety of end pl;te connections. The

connections tested had end plate thickness of 1/4, 3/8 and

1/2 inches (6.3, 9.5, and 12.7 mm), gage of bolts of 4 and

5.5 inches (102 and 140 mm) and 4, 6, and 8 rows of bolts

representlng depths of plates of 12, 18 and 24 inches.
For small angles of rotation, say less than 0. 01

radians, the theoretical curves lie above the experimental

_ results. This is attributed to the fact that the theore-

tical relationship derived for the behaviour of the T
section in tension at low loads lies considerably above
the experimental curve;' This in turn is due to the fact
that the behaviour of the cross-section was assumed to be
elasto-plastic and the gradually yielding of the pléte

through its thickness was not taken into account.

o
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Beyond this small angle of rotation the experimental
and‘theoretical ‘curves are in good agreement.

The analysis is valid on;y'up to the moment at which
the bottom £lange of the beam contacts the column. After
this, the additional compressive force developed between
the beam flange and the column changes the-behaviour and
would make the analysis invalid.

The computer program developed for this stuay, for a
given begm rotation, determines the centre of rotation
and assesses geometrically whethef or not the bottom flangé
has come in contact with the column and invalidates the
results if this is so. From Fig. 4.16 contac£ is made
when the bottom movement A =%, 8., where 2b is the distance
to the bottom of the flange from the neutral axis and 8 is
the rotation, is equal to the end piate thickness.

In Table 4.1 are givgn fof all tests (except test 8
in which welds cracked befére the beam flange came in con-~
tact with the column) the ratios of the test.to predicted
moments and test to pfedicied rotations at the instant
when contact of the beam flange with the column occurred.

The ratio of the test to predicted mo}ent varies
from 0.801 to 1.180 with a mean valueSsf 1.013 and a‘co—
efficient of variation of 0.105. The relatively small
coefficient is considered indicétive of a narrow disper-

sion of the test results from the predicted value.

PR —
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The ratio of the test to predicted rotation varies
from 0.679 to 1.735 with a mean value of 1.113 and a coef-
ficient of variation of 0.275. While the mean value is

only 11% above that predicted the coefficient of variation

‘is relatively large.

The analytical model defines the moment developed -
Qhen the beam qontacts'the column more closely than the
corresponding ang}e of rotation; It is postulated that
considerable changes in the location of the centre of ro-
tation do not change the moment appreciably but do affect
the angle of rotation at contact considerably. Further-
more the model developed does not take into account the

deformation of the bolts.

4.4.4 Determination of Moment.and Rotation at

Contact

In practical cases the designer may only be in-
terested in determining the moment and rotation at the
instant ghe beam flange contacts the column and thereby
to ascertain that this occurs at a fotation beyond the
beam line representing fuli plastification of the beam
crogs~section at the beam centre line.

To determiné this set of values using the computer
ptograﬁ a small angle of rotation is assumed (say 0.01

radians) and the position of the neutral axis is deter-
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mined sucg that statics is satisfied. The movement at
the bottom of the beam, 4b, is then found as 2be. Suc=-
cesgively largér angle of rotation are assumed until the
value Ab calculated is just equal to the flange'plate
“thickﬂESS and- then éhe corresponding moment is determined.
. In practice it is recommended that the moment at con-
tact be calculated as described herxein but to minimize the
possibility of developing an excess moment when the beam
contacts' the column that the predicted rotation at contact
be multiplied by 2/3 to allow for the variation of the
anélytical results from the experimental results. Thus,
for a éarticular beam, considered simply supported, if the

end rotation corresponding to attainment of maximum moment

 at the centre line is @ radians. Then 2/3 of the predicted

rotation at contact should éxceed @ radians, or the simple
span rotation increasedby 1.5 times should not exceed the

predicted rotation.

_A;§.5 Location of Point of Zero Moment Within
Beam Span
When this tYpé of end connection is uéed for framing
a simple beam the bending mcment changéS.from a negative
value at the face of the support to zero and then to a
positive value somewhere along the length of the beam.

Ed

The test set-up have been based on the assumption that
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the entire egtené of thé connection measured parallel to

the beam axis is within the negative moment region, that

is the point of zero mogment occurs at a point remote from
the end plate within.the beam préber. \

With the deepest connection tested, capable of de-

veloping the full factored shear capacity, a'unﬁformly
loaded beam with a span of 12.62 ft. (3845 mm) will reach

"-the yield moment and the yvield shear capaaity simulta-
neously as given in Section 2.5.1. For this span, assum-
ing elasto-plastic action, from the results of test E-7
the end rotation is found to be 0.0064 radians and the
corresponding end moment 1100 inch kips. The distance
from the face of the column to the point of zero moment
is then 2.7 inches (68.6 mm) ‘as compared to the end plate
thickness of £.375 inche§ (9.5 mm).

For the shallowest connection tested,'again basing

/
s/

calculations for a beam span corresponding to reaching Epé
vield moment when the connection shearvcapac$€§412\5€€;&ned,
the beam span is found to be 24.5 feet as (i477 mm) as given
in Section 2.5.1. This span, from thé resui%s\gf testlE~4,'
corresponds to an end rotation of 0.0085 radianéfand an end
moment of about 160 in kips. With this end moment the dis-
tance from the face of the column to the point oﬁfzero

moment is then 0.8 inches (20.3 mm) as compared Fo the end
\

plate thickness of 0.25 inches (6.3 mm). ‘

g et
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Thus for the two extreme depths of connections tested
and fqr the two extreme end moments developed uniformly
loaded simple span would result in thé point of zero moment

laying beyond the extent of the connection within the beam.
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CHAPTER V

'~ SUMMARY AND CONCLUSIONS

5.1 -Summary and Conclusions

1. An experiﬁentai and analyticgl study has beeﬂ-made

into the behaviour of welded 9nd plaié;&onnéctions:

2. The three main groups of tests conducted are:

(1) 27 tension tests on T-sections simulating a
segment of the end plate aﬁd web abovélthe
neutral axis,

{(ii} 15. compression tests on T—sectiohs simulating -
a segment of the end plate and web below the
neutral axis, '

(iii) 8 tests on the end plate connection themselves
where the end plate connections are used to
fasten a beam to a column and‘subjected to
shear and moment. o

' ' 3. In the main group of tests on the end plate con-
nections one beam size,-wﬁF 27x106 (WWF 690x158),* was used.
‘Geometrical ﬁaiameters studied were: _

(i) end plate thickness of 1/4, 3/8 and 1/2

inches (6.3, 9.5, 12.‘{11::_:1).

(1i) gage of bolts, 4 and 5.5 inches (102 and 140 mm),

*
Not available in SI units -y

-
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(1ii) number_of rows of bolts, 4, 6 and 8,

(VS
—
i T e e bal bl ‘

(iv) depth of end p , 12, 18 and 24 inches
(305, 457 aid 610 mm). '
4. The general beﬁaviour of the T-section specimens in ten-

" gion led to an analysis in which the flanges, are first considered
" to act as flekxural members eventually developing yield

moments at the toes of the flange—-stem welds and at the

fasteners and then suhgeqpently ﬁ combined fiexural

membrane analysis when more and more of the load with %’ —

continued loading is carried by m?mbrane action. This

}

analysis gave results in gooq_agreement with experimental
. _

value, . . ‘ ““H\T\\
= &)

y 5. The behaviour of the T-gections in compression is P
\\5\\;//jirst elastic followed by’ inelastic deformations. An Yanal- ’
ysis was developéd to determige the angle - 45° ;_at which the
load spreads out at the end of the -connection and to _ -
descfibe the strqss;displacemenf curve in compression.

The analytical curve obtained by curve fitEingﬂagreéd well

with expe iments. : s ™. _
6. T nd plate .connections tested exhibited af wide

range of connection flexibility depending or the geometricél

parametgrs used in test. : ) . o
. . ‘ AT v
v 7. An ané?ytical relationship. between mopent and

rotations for the end pl;zzwgahngftions was derived on the

. * .- r

basis of the behaviour in the .simulated T-section tension
. o T ' .

and comp-e;sion tests by considering the connection to be

.
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divided into a number of short segments and integrating
~ ‘/ ’ - N . .
the contribution of the elemental lengths of the f:gec-

tions in tension and compressiom over the full end-plate

depth.

Fl

. . . ) 3
The analytical curves are 1n relatively good agree-

ment with sthe experimental results. - Co-

<3
8. It EF recommended that the moment developed when

»

" the beam comes in.coﬁiact witthhe column be determined

on the basis of the analytical procedures developed herein;
9. Because of the dispersion of test results from

predié?ed values it is recommended- that the rqtationqin

. the ‘connection be taken as 2/3 the value predicted to en-

“sure that premature contact with the column does not occur

in practice.

10. Contact of the tesﬁ beam with column oc¢curred at

‘rotations which usually exceeded the yield beam lines con-

firming that end plate connections have adequate rotational
capacity to provide the flexibility for normal structural
applications. | | h
11. An_analysis of the two ext;eme depths of coﬁnec—
tions tested as would be used for simple framing of beams
and corresponding to the extreme rangé of end moments de-

veloped confirmed that the entire connection would be in

a region of negative moment and thus validated the test

‘procedure of testing the connections under shear and

cantilever moment.
’ #

et
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5.2 .Further Areas of Research

Areas where further'stud§ would be valuable are:

1. BAn analytical study of momept rotation behaviouf
of end plate connections beyond t point whére the beam
flange contacts the column,

2. The behaviour of the T-section compression spe-

cimens was derived in this thesis by curve fitting.. An

'analytlcal relatlonshlp, as derived for the T gsections in

ten51on, based on' material and geometrical properties
would be a useful extension to this work,

3. An ekperimental investigation of skewed end con-
nections would confirm whether or not the analytical pro-
cedu;sf/developed here could be aﬁplied to such connections
and if not could lead to modifications of these procedures.

4, The analytical procedure developed herein,
probably with some modifications, couid be applied to
connection formed Qith two angles fastened to the beam
web, An experimental and analytical study of such end

connections would be of wvalue. ~

.(_/—\



TABLES

o e e g et A R TR WL T sy g o =



45

55

_ TABLE 2.1
Matrix of Tension Tests on T=Sections

Plate
Test . Thickness . Gage
No. Inches Inches
(rum), : (rom )
Test 1/4 3/8 1/2 4 5.5
" No. | (6.3) | (9.5) §{(12.7) |(02) | (140)
1 X X
2 x x
3 b4 X
- 4 X ) x
5 - X x
6 x b4
7 x X
B X b4
9 X X
10 X b 4
11 b4 x
- 12 X X
13 b4 b.4
14 x b4
15 t X X
le X X
17 x X
18 X b 4
19 w5 X
20 X . b4
21 b4 b4
22 x bid
23 X X
24 b4 X
25 x X
26 X : b 4
. 27 x X
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. TABLE 2.2 &
Matrix of Compression Tests on T-Sections
_Length of Length of Location®
Test Web Plate End Plate of Gages

No. inches (mm) inches (ym)

7 8 9 1 2 3

(178).1.(203).].(229) .| .(25) | (51) {76) 2.51 | 2.52 | 2.53

1 X X x
2 b 4 b4 X
3 x b4 b 4
4 . b4 b4 ble
5 X x x
6 X q_ -~ X pid
7 X b'4 X
8 . X x b 4
9 x X X
10 X X x
11 x x X
12 b4 b'4 - x

\

-~

4

x
. See Section 2.4.) for description.
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=~ TABLE 2.3
Matrix of Bnd Plate Tests

End Plate Thickness Gage No. of
Test inches; . inches rows of
No. () (mm) bolts
174 | 3/8 1/2 4 5.5 -
(6.3) (9.5) (12.7) (102) (140) 4 6 8
1 : x X 1 x
2 x b4 ol - X
3 b4 b 4 x
4 b4 x x
5 X X b4
6 b4 b4 X
7 b4 X x
8 X X X
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TABLE 3.1
Static Tension Test Results

Ultimate

A. Tests on End Plate

Plate Yield Elongation
Thickness Stress Strength in 2-inch.
inches UY % in/in
ksi ksi
52.0 79.2 0.31
1/4 52.2 78.0 0.29
53.2 78.4 0.29
Average 52.5 | -78.5 0.30
42.3 65.1 0.40
3/8 42.1 65.8 0.42
~ 2 65.5 0.42
Average 42.2 65.5 0.41
. 41.0 64.0 0.44
1/2 42.1 64.0 0.44
43,7 64.3 0.42
Average 42.2 64.1 0.43
B. Tests on Beam Web
A R
Yield Ultimate
Stress Strength
o g
¥ u
ksi ksi
. 49.0 77.2
46.5 76.7
48,7 76 .6
48,3 76.7
45.7 75.8
46 .0 . 75.8
- TN
Average 47.4 76.5

PR
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TABLE 3.2
-Data for Test E-1-6-3/8<4
Rotation Experimental Theoretical
Obs. Ldad rad. Moment Mcment
No .kips | xlo-z_ inch. kips inch. kips
1 ‘5.0 0.063 192.5 36l.0
2 11.0 0.156 423.5 642.3
3 17.0 0.330 654.5 825.4
4 23.0 0.606 885.5 1002.7
5 29.0 1.210 1116.5 1130.1
6 32.0 2.050 1232.0 1212.1
7 33.0 2.720 1270.5 1223.0
8 39.0 2.910 1501.5 -
9 45.0 3.011 1732.5 -
10 50.0 3.320 1925.0 -
1 60.0 3.640 2310.0 -
12 67.0 3.870 2579.5 -
13 71.0 4,080 2733.5 -
14 74.2 4.222 2856.7 -
15 76.0 4.302 2926.0 -

PPV
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TABLE 3.3

Data for Test E-2-6-1/2-4

‘ " 'Rotation Experimental | Theoretical
Obs. Load rad. Moment Moment
No. kips xlo—z inch. kips inch. kips
1 6.0 0.126 231.0 419.0
2 9.0 0.221 346.5 480.0
3 13.0 0.434 . 500.5 588.5
4 17.5 0.666 673.7 658.7
5 20.0 1.215 770.0 755.2
6 22.0 1.830 847.0 807.8
7 23.0 2.170 885.5 839.6
8 24.0 2.960 924.0 918.3
9 27.0 ' 2.990 1039.5 921.7
10 32.0 3.180 1232.0 -
11 36.7 4.100 1412.9 -
12 27.0 : 4,500 1039 -
-
~
(
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TABLE
Data for Test

3.4
E-3~6-3/8-5.5

Rotation Experimental Theoretical
Obs. Load rad. Moment Moment
No. k%ps x10"2 . inch. kips inch. kips
1 5.0 0.065 192.5 274.1
2 10.0 " 0.153 385.0 424.0
3 14.0 0.448 539.0 551.7
4 19.0 1.550 731.5 746.1
5 27.0 3.320 847.0 881.8
6 24,0 3.970 924.0 930.5
7 29.0 4,090 1116.5 941.4
8 34.0 4.250 13092.0 -
9 392.0 4.250° 1501.5 -
10 44,0 4,430 1694.0 -
11 50.0 4.620 1925.0 -
12 60.0 5.420 2310.0 -
13 65.0 5.690 - 2502.5 -
- -
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TABLE 3.5
Data. for Test E—4—4—1/4—5.5‘

Rotation Experimental | Theoxetical
Obs. Load ~xad. Mament Moment
No. ips x1072 _inch. kips inch. kips
1 2.0 0.257 77.0 . 124.7
2. 4.0 0.736 154.0 176.5
3 5.0 1.81 192.5 219.0
4 6.0 2.68 231.0 241.5
5 . 6.5 3.16 250.25 253.9
6 7.0 3.23 269.5 255.7
7 8.0 3.29 308.0 257.2
8 10.0 3.33 385.0 -
-9 12.0 3.37 462.0 -
10 15.0 3.43 577.5 -
11 17.0 3.46 654.5 -
12 20.0 3.5% 770.0 -
13 24.0 3.91 924.0 -
14 25.0 4.16 962.5 -
15 26.0 4.49 1001.0 -
16 28.0 5.29 ;978.0 -

i et e s 2T
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]

o TABLE 3.6
Data for Test E-5-4-3/8-5.3

- _| Rotation’ | Experifiental Theoretical
Obs. Load rad. Mcment Moment
No. Kips. %1072 inch. kips inch. kips
1 2.0 0.089- 77.0 123.1
"2 4.0 " 0.178 154.0 182.9
3 6.0 0.402 231.0 240.7
4 7.5 1.200 288.7 298.5
5 8.0 1.920 308.0 342.6
6 9.0 2.850 346.5 369.3
7 1€, 0 3.100 385.0 376.9
8 14.0 3.180 539.0 378.7
9 16.0 3.210 616.0 -
10 18.0 3.240 693.0 -
11 20.0 3.270 770.0 -
12 25.0 3,360 962.5 -
13 30.0 3,450 1155.0 -
14 35.0 3.620 1347.5 -
15 40.0 . 4.200 1540.0 -
16 45.0 5.010 1732.5 -

RS Tey )

b
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_TABLE 3.7 i
Data_forT%it_E- -4-1/2-5.5

il

Rotation Experimental Theoretical
Obs. Load - rad. Moment Moment
No. kips x1072 inch. kips . inch. kips

1 2.0 0.072 . 77.0 136.2

2 5.0 0.16 N, 192.5 243.5
.3 9.0 0.719 346.5 368.5

4 "10.0 2.42 $385.0 468.0

5 12.0 3.11 .462.0 500.3

6 13,0 3.35 500.5 516.3

7 19.0 3.54 . 731.5 521.7

8 25.0 3.71 962.5 -

9 30.0 " 3,81 1155.0 - -
10 35.0 3.92 1347,5" -
11 40.0 4.02 1540.0 -
12 50.0- 4.30 ' 1925.0 -
13 55.0 4.73 2117.5 -
14 57.0 5.05 . 2194.5 -
15 60.0 5.31 - 2310.0 -
16 64.0 5.86 " 2464.0 -
17 68.0 6.45 ~2618.0 -
18 72.0 6.95 2772.0 -

et - G

e - e
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Data for Testh

’

3.8

E1718ﬁ3/§-5.5

T Rotation Experimentalk‘ Theoretical
Obs. Load. rad. Moment ‘Moment
No. vkips ' x107% . inch, kips . | ‘inch. kips

1 4.0 0.011 154.0 ~110.9
2 9.0 0.061 346.5 564.1
3 14.0, 0.102 539.5 706.9
477 |- 18.0 . 0.174- 693.0 834.3
5 - 22.5 "0.291 866.2 928.9
6 27.0 0.488 1039.5 1041.5
7 31.5 .0.838 1212.1 11191,5,
8 5.0 1.450 1347.5 1360.1
9 37.0 Y . 1.900 1424.5 1435.7.
10 40.0. 2.510 1540.0 f?za.a
11 42.0 2.960' 1617.0 1606.13
12 ' 45.0 3.580 _1732.0 1720.0
13 50.0 . 4.110 1925.0 1830.0
14 55.0 4.400 2117.5., £ 1902.0
15 - 60.0 4.680 23100 -
16 65.0 5.010 e 2502.5 -
17 70.0 5.330 |. .2695.0 -
18 ~ 7690 5.830 " 2926.0 -

k)

e A el i e e
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TABLE 3.9
|1 Data for Test Er8e851/4—5.5
Rotation Expefimental_ Theoretical
Ohs. and rad. Mcment Moment
No. kips %1072 inch. 'kips inch. kips
2 - 8.0 0.147 308.0 477.5
3 | 12.0 0.345 462.0 622.7
4 . 16,0 0.574 616.0 728.6
5 20.0 0.843 770.0 - 794.3
6 - 24.0 1.220 824.0 858.3
7 - 28.0 1.960 1078.0 986.9
8 30.0 2.710 1155.0 1153.3
9 26.0 ' ‘ 4.120 1001.0 -
'w{_
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i TABLE 3.10

Location of Centre of Rotation Expressed

as a Percentage of Connection Depth
from top

End Plate Connection Rotation (Rad.)
0.005 0.01 Q.OlS 0.02 0.025 0.03

Test No.
E-1-6-3/8-4 89 90 91 93 - -
E~2-6-1/4-4 . 88 87 50 92 93 -
E-3-6-3/8-5.5 60 61 61 65 68 72
E-4-4-1/4-5.5 33 54 62 67 68 78
E-5-4-3/8~5.5 54  60° 63 65 66 68
E-6-4-1/2-5.5 67 70 68 65 ~ 63 64
E-7-8-3/8-5.5 74 78 80 81 82 -
E-8-8-1/4-5.5 60, 77 80 83 84~ -

0.

2

e T

e e e B et cemem e s
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TABLE 4.1

Comparison of Test and Predicted Moments and
Rotation When Beam Came Into Contact With Column

[P

TEST PREDICTED RATIO

, ™ €]
Test Mté et Mpr Gpr . EE—' EJL
No. ! inch.kips | radians | inch. kips | radians pr pr

|
1 1260 0.0272 1241 0.0326 | 1.015 | 0.850
2 940 0.0296 863 0.0247 | 1.089 | 1.198
3 900 0.0395 903 06.0369 | 0.996 | 1.070
4 255 0.0321 217 | 0.0185 | 1.180 | 1.735
. 7

5 365 0.0290 357 0.0250 | 1.022 | 1.155
6 +490 1.0335 495 0.0303 | 0,989 | 1.105
7 1780 0.0394 2221 0.0580 | 0.801 | 0.679

8" - - 1724 0.046 - -
//r' Mean Value 1.013  1.113
Standard Deviation .107 .306

Coeffient of Variattom— .105  .27s

-

. -
In this test the connection failed before the beam came into
contact with the column but after the beam line.was reached.
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Fig. 2.12. Dial gage for measure-
ment cf beam deflection.
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Compression test specimen on
completion of test.
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Yield lines for Test
E-7-8-3/8-5.50.
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Fig. 3.33. Yielding of the beam web
around the lower portion of the end
plate. .
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Fig. 3.34. Deformed bolts after beam
Test E-6-4.5-5.5,
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Fig. 3.35. Outward movement of top
beam frcm column.
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Test E-6-4-1/2-5.5 at different loads.
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¢ radians

Location of centre of rotation.

3.41.

Fig.
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flexural action.
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Fié. 4.5 Free body diagram of porticn of
end plate.



Fig.

4.

6

127 . ‘ c

P

O N N O B

N /
N /

—-7—k-s~i-'-——-’d S oo -
N Vs

which
deformation
was measured

T-gection compression test specimen
and the force soread out.

l"

; .
€ T

L e
S W TTTTTTLT



128

3595 uorssaidwo) xo03 drysuoTieTad JuswooeTdstg~ssaI1ag L°p 'BTd

Z1'0

80°0

¥0°0

/1

saaAan) TeoTITdwr

DAIND
Te3UBUTISART URD — —+— —

1T ‘L S3s3aL &

6T ‘g2 S3sS8L V

z1 ‘6 ‘¢ s3salL O

¢ 3Is3aL V¥

¥ 388l O
) 5 _
.f._o.oam.Tm\%o.ZmL.ﬁ.mf.m.ﬁmnu L/

P ol

G2
W.\\ \\\

I _ |

-~ -

o

V000d=2p

0T

ST

0z

St

0%

Sy

0s

09

.
O

oL

SL

$591738

‘0

T6Y



A4

129

‘p-8/£-9-1-d 3IS9y 107 burtiesq si103aq '
SaAIND UOT3PCaA-Juswow Tejusuixadxs pue TesT3ktrUY gy "HhTd

' sueipel @ ‘UoT3lelOol pul

90°0 S0° 0 _$0°0 £0°0
| — i | | —

00¥

008
. =
0
=)
o
002L .m.
— N
1eoT3ATRUY ) - m
[ejuswtaadxy —-—-— ‘ =
—1009T o
Tn
ke
* 0

d - —
T/08 W 10J SUTT wesg 000¢
. A \\\\‘
\\ 1/09 "W 103 SuUTT uwedd B

oove



130

‘p-p/T-9-7-d 1591 XoJ butiraq a1038q
S9AIND UOT3e3jOI-juswow Tejuswrisdxs pue [eoIjdfeuy ¢°¢ “bTa

suetpeI @ ‘uoTiejox pud

90°0 S0°0 P00 £0°0 - 200 10°0 00°0

— T T T T T1 17 T 7T T 1

Teor3kfeue
ie3uswTI9dxD ———— a

’ d ]
T/D B zW I10J BUTT wesg | -~
7/0 8 W X03 2uT[ weag | . —

0oy

busg

00eT

VU9t

0ooe

fjusioy

sdTy Yout



131

*G*G-g/E-9-E-H 3ISdL 03 mLMMan a103Baq .
S9AIND UOT}EBIOI-JuUdWOU Tejuswtiadxs pue Tedilhfeuvy 01"y °"Prd

. sueTpeX  ‘UOI3IB3O0X pug

90°0 . MOMO vc..O €0°0 Z0° 0 10°0 .
! | ! | ! | | T | T

00b

068
=
~ 0.
N .
’ =]
. *— oozt
—l—.
— =]
3]
=
—q 0097 m
e,
wn

Teor3AteUE . —4 o0o0zZ

Hmy:mﬁﬂummxm —_— N
/58 OW 103 suTT wead 1 vors
A A
T/08 W 103 SUTT weaq




§'¢-p/T-v-—-o 359 I103 BuTaeaq SI10J9q S9AINDD
uorjejoa~jusuouw Tejusawraadxsa pue TeSTI3ATRUY  “IT1°% D14

sueTtpel @ ‘uorierljox puyg

90" 0 S0°0 §0°0 £0°0 ¢0°0 T0°0
v e | .
QII,‘.-I N
—] 00F
o .
™ L)
- . - =—1 008
. d — .
7/09 W I0F BUTT wead .
K I
T/2 3 W IO SUTIT wedq . = 0021
Teo13ATRUR 7
Tejuswtaadxs ———— . —1 0091
0002

‘3 usuoy

"yourt

sdty



|7

133

PR
3

§°5-8/E-F-5—d IS93 I0J IBAIND poﬂumnon JuswoW *gi1°F- "bta

sueTpea @ ‘uoT3ielox pudld

900 S0°0 ¥o°o £€0°0
J ] L } o
T 00%
. ) — oos
d

/0 B H XOJ DUTl wesd

1/5 8 "W 203 oury wees —joozt
Hmoﬂuhﬂm:m 7

TriuautTIadxe ———— mm RN
000¢

1 AUIWON

sdTty yout



134

*¢°6-z/1-v-9-3 IS9J I03J 9AINdD :mﬂumuom Juswow €17V .mﬂw

sueipex Q ‘uotiejox pud

£

9Q°0 g0°0 ¥0°0 £0°0 Z0°0 10°0
' | ] | ! |
¥
W .
Teor3ireUE -

fequautIadxs = — — 7y _

1/0 § KW I0] 3ufl wesag
£ ~

/0 @ KW 103 3uljl ueag

t

e

008

0091

0oo¢

‘Juswop

"yout

b

sdTty



135

G°6-8/E~8-L- 3591 103 mzﬂwmmn.wuommn
SOAIND UoT3lE3lCI-juswouw Tejusawrisadxs pue TeOTIA[eUY I P “DHTd

sueIpRI § ‘UOT3le3jOI pug

900 50°0 ¥0"0  EO0°O z0'0 10°0 N
oY I J ] ! | i
.,f
00%
=
2

008
, 5
B
0021 U
© teoa13zhieuy ot
[ejuswTIadxg ——"—-— m
oo9t 7
=
.—L—-
o)
n

000t

N\ - . o . — oorz

+ P o %W z03 sutt wesg | o | .
hW\.Q\U B mz JI0F BUTT Emmm\\
£ : _ L 0082

"



136

*6"6~-p/T1-8-8-4 1S31 IoF buTieaq sI0J3Q S9AIND .
' UOT3ILI0I-JUSWOW ‘[TrIuswTIadxs pue TedI3ATeuy °GT°'py “bTa
sueTpel O ‘uoTrlelocx pud
90° 0 S0°0 ¥0° 0 €070
1 1. 1 T 1

TeoT3ATRUR

Tezuaut aadxs ————

LT

d <
T/rs W I0J aUuT] weag

A

: \\M\ : -
1/ 9 "W 103 SUTLT wead

00?%

008

ooet

009T-

0002

sdty you

3 UBWOKW

T



137
"
?1
. Column .
l
e 3
bt | S T T e e —————
| ‘
!
ﬁAngle of Rotation,®
l .
z
|
1
Neutral axis B
7 eam
b
H
|
!
f i BB T —
s
] 8, = 2.8

Fig. 4.16 Geometry of Deformation at
Contact of Beam with Column.



APPENDIX I
Detailed Observations of

End Plate Tests
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Notes:
L

1. Sometimes one of the tips of the beam flange came
into contact with against. the column before the
other. This is designated as east or west bearing

regpectively.

2. The rows of bolts are numbered from 1 to 8 proceeding
from the top to the bottom of the conqgction; The
area where yielding occurred ?? the connection is
related to the rows of bolts;‘for example, yielding
at bolt 1, means yielding occurred in the area of

the connection around the first (top) row of bolts.

3. "UAZ" refers to the heat affected zone in the plate

material adjacent to the weld.



TEST

Load
=oad

kips

30
32
34

36

50
65

72

"~ 73

significant yielding at bottom west side

)
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DETAILED OBSERVATIONS OF TEST 1

© E-1-6-3/8-4

yielding in plate above bolt 1 for east side
ylelding down to belt 2 both sides

east bearing on column ' -
west bearing on column

vielding down to bolt 3

Qeld cracked west side of bolt 2
weld cracked east side to bolt 2

weld cracked down to bolt 3 west side

.weld cracked down tc bolt 4

Measurement of Weld Size
(in sixteenth of inches)

East West
5

top

Lo W N
B U s U1 e s e
¥ R ¥ I L L I 2 B -3

bottom



W

TEST

Lbad

kips
24
24

25
26
26
32
32
37

26

141
DETATLED OBSERVATIONS OF TEST 2
\

E~2-6-1/4-4

Notes
yielding in plate above bolt 1 for west side

yielding of the beam web around the end of
the end plate

yielding around the upper bolt at east side
crack of weld down to second bolt in east side
almost bearing on west side .
crack of wel@ to second bolt in west side

crack of weld to third bolt for east side

+ maximum lqad reached with failure in both sides

of weld

failure in HAZ

Measurement of Weld Size
{in sixteenth of inches)

East ~  West
.top 4 5
1 5 4
2 4 4
3 5 4 -
4 4 4 '
5 4 4
6 5 5
bottom 4 5

=4
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25
27
29
39
50

65

. 142 ) S - ‘
.DETAILED OBSERVATION QF TEST 3 ‘ ) ' (:::i—“
E-3-6-3/8-5.5 o _ | —
Notes

:

yielding in plate above bolt 1 at the west side

yield starts at the east side above around
bolt 1

yielding progressed to third bolt for the
west side : ’

yielding to bolt 4 in east side
west bearing on cglumn‘
east bearing on cblﬁmn
crack down to bolt 3 west side
crack down to bolt 3 east side

failure due to crack in HAZ

Measurements of Weld Size

(in sixteenth of inches) ' -
East ' @ggg

top 4 '5

1 4 5

2 4 4

3 5 4

4 4 5.

5 4 4

6 4 5 ]

bottom 4 4



25
26
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‘DETAILED OBSERVATIONS OF TEST 4

E-4-4~1/4-5.5

yielding in plate above bolt 1 for east side
almost bearing for east side

bearing for west side

Notes

yielding dawn to bolt 2 both sides

weld crack at east side down to bolt 2

weld crack down to bolt 2 in west side
/

Measurements'of Weld Size

(in gixteenth of inches)

top

bottom

East

PN S S B VL R

West

Ul & & s U n
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DETAILED OBSERVATIONS OF TEST 5

TEST E-5-4-3/8-5.5
Load | Notes
kIps =22
‘ 9 yielding of the web of the beam around the end
of the end plate : :
" 10 .  yielding down to beclt 2 both sides
v .ll  east bearing on column |
12 - - west bearing on column
40 weld cracked down to bolt 3 east side
45 - weld cracked down to bolt 3 west side

Measurements of Weld Size
(in sixteenth of inches]

- BEast West
—  top 4 5 g
1 4 5
2 4 4
3 4 4
4 5 4
bottom 4 5



TEST

Load
kips

10
13
14
40
45‘

72
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DETAILED OBSERVATIONS OF TEST 6

6~4-1/2-5.5 -

Notes ~
yielding in plate above bolt 1 for both sides
vielding progressed to bolt 2 for both sides
east bearing on column
west bearing on column

weld cracked to bolt 2 east side

weld cracked to bolt 2 west side

maximum and failure load reached failure in HAZ

Measurements of Weld Size

{in sixteenth of inches) .
‘ . - East West

top 4 5
1 5 5
2 4 4
3 4 4
4 4 5
bottom 4 4
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DETAILED'OBSERVATIONS OF TEST 7
E-7-8-3/8-5.5
Notes

vielding in plate above bolt lbon both sides
yvielding in plate down to bolt 2 both sides
weld cracked down to bolt 2 east side

west bearing on column

yielding down to bolt 4 both sides

weld cracked down to bolt 3 east side

weld cracked down to bolt 5 east side
failure land reached

Measurements of Weld Size
(in sixteenth of inches)

East West
Top 5 4
1 4 5
2 4 5
3 4 4
4 5 4
5 5 4
6 4 - ~ 5
7. 5 4
8 4 r 4 .
bottam 5 , 5



TEST

Load
kips

10
20
24
28
30
30

30

_yielding in plate to bolt 3 west side

7

DETATLED OBSERVATIONS OF TEST 8
E-8-8-1/4-5.5 -~ o -
Notes.

yielding in plate down to bolt 2 east side

weld cracked at the top of tle plafe.

weld cracked down to bolt 2 east side

wéld cracked extended to bolt 2 west side l -
crack progressed to bolt 3 west side

crack extended to bolt 5 east side

maximnum load reached. Beyond this 1oa&, the

connection could not transmit more loads, and
the load started to decrease '

Measurementé of Weld Size
(iny sixteenth of inches)

East West
top B 4 5
11 4 4

2 4 4
3 - 4 Ve 5
4 4 4
5 - 5 C 4
6 4 4
7 4 /4
8 5 5
bottom ' * 5 4
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APPENDIX IT

FLOW CHART
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//EETA

- = End rotation at contact

2 .
CF = Compressgon force in the end plate
c¢onnection
- - Y
CFu = Compression force in the end plate
connectipn’ at’ contact )
CIN = Incremental end rotation assum during
o - the determination of CETA - :
CLEAR (I) = Minimum clearance between the beam and
‘\\column at rotation No. I
CM - = Compression moment{in the end plate
. connection
CMU = Compression moment in the end plate
connection at contact
DIN ) = Distance between assumed positions of
neutral axis.during two consecutive
incremental analyses
FINC = End rotation increment
FM1 (I) = Moment at the end plate correspondlng
to end rotation No. I
FMU = Moment at the end plate at contact
NL = Total number of end rotations considered
in the analysis
PHI (I) = End rotation No. I )
SPA = Minimum clearance between the beam and
column during the analysis for end
‘ - rotation at contact .
TF = Tension force in the end plate connection
TFU = Tension force in the end plate connectlon
at contact
TH = Thickness of the end plate
™ = Tension moment in-~the end plate connection
“TMU = Tension moment in the end plate connection

at centact P
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Position of neutral axis at end
rotation No. I measured from tension
end .

XNA (I)

XNEU ' = Position of neutral axis at contact
measured from tension end

Read Input Data

1]

CLEAR (1)
| PHI (1)

TH

l
L)

DO 1 I =2, NL

PHI (I) = I x FING

XNA (I) at bottom of :
end plate ,

XNA (I) = XNA (I) - DIN

‘Calculate displacements
. along end plate

- Calculate TF

Calculate CF

XNA (T)=XNA(I)+DIN
DIN=0.5 x DIN




Calculate TM and CM
FM1(I) = ™ + CM

Calculate CLEAR (1)

CLEAR(I)>
yes . 0.0

No

CIN = PHI(I) - PHI(I-1)
CETA = PHI(I) + CIN

CETA = CETA - CIN

N
XNEU at bottom of end plate

r

XNEU = XNEU - DIN[

Calculate displacements

along end plate
Calculate TFU
Calculate CFU

XNEU=XNEU+DIN |
DIN=0.5xDIN




Yes
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O . @O

g

Calculate SPA

.01<SPA<0.0
No v
gm0 D> e
Yes »

Calculate TMU and CMU
FMU=TMU+CMU

L

Print, FMU, CETA
and SPA

DO 19 I=2, NL

"Print I, FM1(I},
PHI(I) and CLEAR(I)
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